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Subplate neurons (SPNs) are a population of neurons in the mammalian 
cerebral cortex that exist predominantly in the prenatal and early postnatal 
period. Loss of SPNs prevents functional maturation of the cerebral cortex. 
SPNs receive subcortical input from the thalamus and relay this information 
to the developing cortical plate and thereby can influence cortical activity in 
a feed-forward manner. Little is known about potential feedback projections 
from the cortical plate to SPNs. SPNs are also a heterogeneous population in 
terms of molecular and morphological identity. And the functional role of 
the different subpopulations of SPNs remains poorly defined. This is mainly 
due to the lack of tools- i.e. transgenic lines and reporters to target and 
manipulate the SPNs at different stages of development. Hence the 
functional significance of this molecular diversity remains unexplored. In 
this study, we used a combination of genetic, molecular, anatomical and 
physiological approaches to address these questions and also to identify and 
characterize transgenic mouse lines to manipulate the SPN. We identified 
and characterized a set of reporters and transgenic lines expressing Cre 
recombinase or green fluorescent protein with different levels of specificity 
in the subplate (SP). Using these transgenic driver lines and specific 
antibodies, we find that defined SPNs project to the main thalamo-recipient 
layers – L4 and L1 – and the spatial pattern of SPN projections to layer 4 is 
related to the spatial pattern of thalamo-cortical projections. However 
different subclasses have distinct patterns of projections with respect to the 
thalamic afferents. While certain subclasses have been shown to project 
locally, we observe that certain cell types of SPN also extend long-range 
projections to different thalamic nuclei. Thus molecularly defined SPN cell 
types are differentially integrated into the thalamo-cortical and intra-cortical 
connectivity. We also find a laminar difference in intra-cortical connectivity 
of the SPN. The first class of SPNs receives inputs from only deep cortical 
layers, while the second class of SPNs receives inputs from deep as well as 
superficial layers (including layer 4) and are located more superficially. 
These superficial cortical inputs to SPNs emerge in the second postnatal 
week in the mouse. Taken together, we demonstrate the presence of distinct 
laminar and molecular circuits in the developing subplate and characterize 
yet another aspect of heterogeneity of this population.  
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1.0 Introduction: 
The brain is an amazing organ, performing numerous complicated computations 
and information processing events that are essential for proper function of the entire body 
(Lichtman and Denk 2011). The brain is composed of specialized cells called neurons 
that form connections with one another called synapses. In higher animals such as 
mammals, single neurons may synapse onto many thousands of other partner neurons and 
thus form a network of connections. This network of connections forms the basis of the 
function of the brain. 
             Synaptic connectivity is studied at different scales (Sporns, Tononi et al. 2005) 
— the microscale, formed by individual neurons synapsing with one another (Sporns, 
Tononi et al. 2005), the mesoscale, where populations of neurons are arranged into 
functional groups such as columns (Mountcastle 1997), and the macroscale (Craddock, 
Jbabdi et al. 2013), wherein different anatomical regions are connected to one another. 
Since different brain regions specialize in diverse functions, macroscale connections 
between brain regions are critical to the proper functioning of the entire nervous system. 
  An essential feature of the brain is that connections are not necessarily inherently 
hard-wired. They are established during development and refined over the lifetime of the 
animal. The cerebral cortex is the region of the brain most commonly associated with 
computation and higher-level reasoning (Raizada and Grossberg 2003), whereas the 
thalamus performs critical relay functions between sensory organs and high-level regions 
such as cortex (Macchi, Bentivoglio et al. 1996). Hence proper connections between 
thalamus and cortex (thalamo-cortical, or TC, connections) are essential for information 
processing. TC connectivity is typically first established in the embryonic stage and 
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refined over a developmental window called the ‘critical period’ (critical in that 
disruption of these processes during this time leads to irreversible damage to the animal’s 
brain) (Hubel and Wiesel 1970, Hensch 2004). A transient population of neurons in the 
cerebral cortex called the subplate neurons (SPNs) is instrumental in the establishment of 
this connectivity. 
SPNs are a heterogeneous population of neurons located in the cortical white 
matter (Kanold and Luhmann 2010), just below the deepest cortical layer (‘layer 6’). 
They are transient in nature: they are present from the embryonic stage through the 
critical period. At the end of the critical period, a large fraction of these neurons are 
eliminated by programmed cell death, or apoptosis (Valverde, Lopez-Mascaraque et al. 
1995), while some of them persist into the adult, as interstitial neurons, layer 6b in 
mouse, etc. (Hoerder-Suabedissen, Oeschger et al. 2013).  
SPNs are generated in the sub-ventricular zone (SVZ) and comprise one of the 
earliest neuronal populations in the cortical plate (CP). As such, they possess mature 
morphological and synaptic properties, when the rest of the cortical plate is still 
immature. By virtue of their location, early origin and maturation, they participate in 
some of the earliest circuitry in the developing cortex. They are also engaged in early 
spontaneous network activity, via electric coupling during early development (Hanganu, 
Kilb et al. 2002) and act as an obligate relay in the TC circuitry (Kanold and Shatz 2006). 
SPNs form the ‘teacher circuit’ involved in the establishment and refinement of TC 
connections (Kanold and Luhmann 2010). Ablation studies show that the absence of 
SPNs results in severe deficits in connectivity (Kanold and Shatz 2006, Tolner, Sheikh et 
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al. 2012). Taken together, these results show that SNPs are tightly embedded in intra-
cortical and sub-cortical circuitry during the critical period. 
         SPNs are present in all placental mammals (Molnar, Metin et al. 2006); however 
their presence in marsupials is debatable (Harman, Eastough et al. 1995). The size of the 
subplate (SP) increases with complexity of the organism, indicating an important role in 
higher order connectivity (Kanold and Luhmann 2010). While the remnant SPNs (i.e. 
those surviving after the critical period) exhibit mature synaptic properties, the precise 
role of this population of neurons and synapses remains unknown. 
The population of SPNs is heterogeneous in both gene expression and neuronal 
morphology (Kanold and Luhmann 2010, Hoerder-Suabedissen and Molnar 2012). SPNs 
express a range of partly overlapping molecular markers, many of them transcription 
factors and growth factors, some of which are molecular markers of autism and 
schizophrenia (Hoerder-Suabedissen, Oeschger et al. 2013). Another interesting feature 
of SPNs is some of the SPNs are highly coupled via gap junctions (Kanold and Luhmann 
2010). This gap junction coupling might be involved in amplification of network activity 
(Luhmann, Kilb et al. 2009, Dupont, Hanganu et al. 2006). 
 
1.1 Discovery and preliminary developmental characterization of the SP: 
The sequence of developmental events in the central nervous system (CNS) was 
first formally documented by the Boulder Committee (Bystron, Blakemore et al. 1970) in 
1970. However the existence of SP was not documented in the original Boulder 
Committee report (1970)(Bystron, Blakemore et al. 2008). It was later described, for the 
first time (Molliver, Kostovic et al. 1973), in gyrencephalic mammals (i.e. those with 
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highly convoluted brain surfaces), which are characterized by extensive white matter and 
a long gestation period. The transient subplate zone was first reported in humans 
(Kostovic and Rakic 1990, Kostovic, Judas et al. 2011) as a layer appearing during early 
gestation. This transient zone is rich in fibers and present between the intermediate zone 
and developing cortical plate (Molliver, Kostovic et al. 1973, Kostovic and Rakic 1990). 
Their existence in other species was subsequently documented in cats (Luskin and Shatz 
1985), rats (Rickmann, Chronwall et al. 1977) and fetal macaque monkeys (Rakic 1976). 
Prior to a systematic description, their presence was noted in the form of interstitial 
neurons in adult human brains (Kostovic and Rakic 1980), believed to be the remnants of 
the fetal subplate neurons (Kostovic, Judas et al. 2011, Suarez-Sola, Gonzalez-Delgado et 
al. 2009, Judas, Sedmak et al. 2010). In rodents, ‘Layer 7’ was proposed to be a distinct 
layer in the cerebral cortex (Reep and Goodwin 1988), originating from the primordial 
plexiform layer. Tracing studies in rats showed that this layer engages in cortical 
connectivity and is overlaid by a cell-sparse zone traversed by cortico-cortical axons. 
 
1.2 Gross morphological characterization of the SP: 
The size of the subplate (SP) zone relative to the cortical plate varies between 
species (Aboitiz and Montiel 2007). The ratio of SP to CP is higher in primates as 
compared to rodents (Kostovic and Rakic 1990). The size of the subplate in primates 
increases during corticogenesis (Kostovic and Rakic 1990, Bystron, Blakemore et al. 
2008), mainly due to the accumulation of axons and dendrites (Kostovic and Goldman-
Rakic 1983, Kostovic and Rakic 1990). Although the subplate zones of humans and non-
human primates and other experimental organisms share many common features, their 
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developmental history is different (Judas, Sedmak et al. 2010) — the main difference lies 
in the fact that the subplate zone in primates increases in size even during cortical 
neurogenesis (Kostovic and Rakic 1980, Kostovic and Rakic 1990, Smart, Dehay et al. 
2002, Bystron, Blakemore et al. 2008), which is not seen in rodents.  
 
1.3 Subplate Neurons Vs Subplate Zone – an important distinction: 
The terms ‘Subplate zone’ and ‘Subplate neurons’ are often used interchangeably. 
However, there is an important distinction between the two terms. The subplate zone is a 
transient zone appearing in the early fetal period composed of early generated neurons 
(SPNs), migratory neurons, axons (Kostovic and Rakic 1990), neuropil (Kostovic and 
Goldman-Rakic 1983) and synapses (Kostovic and Jovanov-Milosevic 2008, Judas, 
Sedmak et al. 2010), all embedded in an extracellular matrix (ECM) (Kostovic and 
Jovanov-Milosevic 2008).The ECM is rich in axon guidance cues (Sheppard, Hamilton et 
al. 1991) and acts as a permissive matrix for traversing axon fibers. While the subplate 
zone is a transient developmental structure, a significant number of SPNs survive into 
adulthood long after the SP zone has dissolved and persist in white matter as interstitial 
neurons (Torres-Reveron and Friedlander 2007). The extent of remnant SPNs varies with 
species, but they have been shown to retain functional properties (Torres-Reveron and 
Friedlander 2007). 
 
1.4 Cellular composition of the subplate zone: 
It should first be noted that despite the clear developmental and gross anatomical 
conservation of the subplate zone, the precise micro-anatomical structure and molecular 
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composition of the SP varies between species. For instance, in a recent study (Miller, 
Ding et al. 2014), the authors have shown a cyto-architectural difference between the 
human and mouse subplate. For the remainder of this chapter (and for the experimental 
chapters that follow), discussion is largely restricted to the rodent (i.e. mouse) SP, with 
properties conserved in higher animals (notably humans) pointed out where information 
is available. 
The ventricular zone is composed of proliferative cells that undergo rapid cell 
division to give rise to the sub-ventricular zone (Bystron, Blakemore et al. 2008). 
Subsequent cell division gives rise to a set of post-mitotic neurons that form the 
‘preplate’. The preplate is split into the marginal zone and subplate by migrating neurons 
that form the cortical plate (Marin-Padilla 1971, Bystron, Blakemore et al. 2008).  
The neurons in the subplate zone comprise the pioneer neurons expressing transcription 
factor T-box, brain, 1 (Tbr1), and are generated in the ventricular zone. In addition to this 
the zone is also occupied by glutamatergic neurons that are migratory in nature, and 
GABAergic neurons generated in the ganglionic eminence expressing the Distal-less 
homeobox (Dlx) transcription factor. Pioneer neurons extend neurites into the cortical 
plate and axons into the internal capsule, while the GABAergic neurons migrate radially 
and tangentially through the subplate (Hevner and Zecevic 2006). 
Rodent subplate neurons reside in two zones: a densely packed zone beneath the 
cortical plate and a loosely packed layer in the white matter (Luskin and Shatz 1985, 
Wahle and Meyer 1987). Kostovic and Rakic made similar observations in humans and 
primates (Kostovic and Rakic 1980). In a comparative study in visual, somatosensory 
and motor cortices, they observed two types of cells: ‘type 1’ cells are polymorphic, 
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superficial and seen more in the neonatal stage and infancy, and ‘type 2’ cells are 
typically fusiform and found deep in white matter and seen more in the adult stage. The 
type 2 cells, most likely, comprise the persisting SPN population. 
 
1.5  Diversity of subplate neurons:  
One of the most interesting features of SPNs is their diversity with respect to both 
neuronal morphology and molecular markers. A primary guiding principle of the work 
done in this thesis has been the systematic description of such morphological and 
molecular diversity, with an attempt to (1) make a catalog of ‘cell types’ in the mouse 
SP according to each definition, and (2) discover relationships between morphology 
(and related parameters such as projection targets) and molecular expression (with an 
eye towards aspects of neuronal function). 
 
1.5a Morphological diversity: 
SPNs are characterized by profound variability in morphology. Being early born, 
they exhibit mature morphological properties during a relatively immature phase of 
development. Neuronal morphology consists largely of a description of the cell body 
(shape and orientation), size and spread of the dendritic arbor, and length and target of 
axonal projections. Although a complete description of SPN morphological diversity is 
lacking as yet, several general observations have been made. In primates, two subtypes 
have been described -  ‘fusiform’ and ‘polymorphic’ subtypes. Fusiform cells are 
embedded in the white matter while polymorphic cells are more superficial, at the 
interface of the cortical plate and the white matter. In general, SPNs show extensive 
8"
"
ramification of dendritic processes throughout the cortical plate, and through their 
extensive somato-dendritic arborizations, they are capable of integrating responses over 
their many cortical and sub-cortical inputs (Kostovic and Rakic 1980, Friauf, McConnell 
et al. 1990, Hanganu, Kilb et al. 2002). Some polymorphic cells extend dendrites 
towards the white matter (inverted pyramid) while others resemble displaced pyramidal 
neurons (Kostovic and Rakic 1980). Many SPN dendrites are spiny, indicating the 
excitatory (i.e. glutamatergic) nature of their inputs. As for axonal variation, Wahle et al. 
described the morphology of GABAergic neurons in the white matter of kitten and 
found two populations distinguished by axonal length, branching and bending (Wahle 
and Meyer 1987). 
Some studies have attempted to correlate morphological subclasses with 
physiological properties (Hanganu, Kilb et al. 2002) and axonal projections (Hoerder-
Suabedissen and Molnar 2012). While there is a correlation between projection targets 
and neuronal geometry (Hoerder-Suabedissen and Molnar 2012), the intrinsic 
physiological properties remain largely similar between the two groups (Hanganu, Kilb 
et al. 2002). 
 
1.5b Molecular diversity:  
In addition to morphological diversity, SPNs also express a wide range of 
molecular markers. Different molecular markers expressed by SPNs have been 
documented in early literature. Examples include calbindin (ferrets- (Ghosh, Antonini et 
al. 1990, Ghosh, Antonini et al. 1990)), CTGF (rats– (Heuer, Christ et al. 2003)), 
fibronectin (cats- (Chun and Shatz 1989)), p75 neurotrophin receptor (rats- (McQuillen, 
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DeFreitas et al. 2002)), Nurr1 (rats- (Arimatsu, Ishida et al. 2003)), neuronal nitric oxide 
synthase nNos1 (ferrets- (Finney and Shatz 1998)), estrogen receptor (mice- (Osheroff 
and Hatten 2009)), and progesterone receptor (rats- (Lopez and Wagner 2009)). Recent 
advances in molecular profiling have revealed an extensive diversity in gene expression 
in the subplate (mice- (Hoerder-Suabedissen, Wang et al. 2009)); in a microarray screen, 
they identified several novel markers of subplate and validated already known markers, 
including complexin 3 (Cplx3), CTGF (connective tissue growth factor), 
monooxygenase DBH-like 1 (MoxD1), and transmembrane protein 163 (TMEM163). 
The most recent work by this group has classified the spatio-temporal pattern of 
different molecular subtypes of SPNs and associated several subplate-enriched genes 
with neurodevelopmental disorders (Hoerder-Suabedissen, Oeschger et al. 2013). 
In this recent work, systematic molecular profiling followed by 
immunohistochemistry and in situ hybridization further segregated genes expressed in the 
SP as SP-specific or merely SP-enriched. An interesting observation regarding gene 
expression in the subplate is the co-expression of SP-specific genes in different layers of 
cortex. It has been observed that genes enriched in the SP are frequently also expressed at 
a lower level in layers 5 and 2/3 (Hoerder-Suabedissen, Oeschger et al. 2013). An 
example of a gene showing this pattern of expression is Cplx3, which shows SP-specific 
expression in addition to expression in a small fraction of layer 5 cells. Another 
interesting aspect of SP gene expression is that genes expressed at one developmental 
time point in a SP-specific fashion can lose or gain specificity over development. 
Examples of this type of gene expression include Sema5b and Drd1a, which show SP 
specificity, but only at postnatal ages. 
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           Thus, to summarize, SPNs are an essential component of the thalamo-cortical 
pathway in the developing nervous system. This transient population is seen in most 
mammals and is likely to play an important role in the establishment of circuitry. SPNs 
are incredibly diverse, from the view of both cellular morphology and molecular 
expression. In this thesis, I attempt to shed light on these two manifestations of cell type 
difference, and to find correlations between the two, in an attempt to better understand 
the role of these transient cell populations in cortical development. 
 
1.6 Functional relevance of Subplate Neurons: 
1.6.1 Spontaneous network activity and establishment of early circuitry: 
Subplate neurons, apart from being the earliest born neurons in the cortical plate, 
are also the earliest to attain mature synaptic properties. They express Map2 and 
neurotransmitters/neuromodulators such as GABA, cholecystokinin (CCK), neuropeptide 
Y (Npy) or somatostatin (SST), long before cortical neurons do (Chun, Nakamura et al. 
1987, Chun and Shatz 1989, Chun and Shatz 1989). The earliest evidence for their 
involvement in connectivity came from the discovery of functional synapses in the 
subplate before their presence in the cortical plate (Molliver, Kostovic et al. 1973, 
Kostovic and Rakic 1980, Chun and Shatz 1988). Herrmann et al. demonstrated, through 
tracer studies in ferrets, that some of these synapses were from thalamus (Herrmann, 
Antonini et al. 1994). Interestingly, a recent molecular profiling study observed that 
semaphorin5a (Sema5a), an axon guidance molecule, is enriched in the subplate and is 
probably involved in early synaptogenesis. 
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SPNs play an instrumental role in the establishment and refinement of early 
cortical connections. Spontaneous network activity is a hallmark of developing neural 
circuits. While spontaneous activity has different roles in different system, in the 
neocortex it contributes to the development of circuitry (Yuste, Nelson et al. 1995). More 
recently, it has been shown that focal ablation of SP soon after birth eliminates 
spontaneous network activity in the cortex (Tolner, Sheikh et al. 2012). 
 
1.6.2 Establishment and refinement of thalamo-cortical circuitry: 
       SPNs act as an obligate relay in thalamo-cortical connectivity. Early studies in 
experimental animals showed that the subplate is a ‘waiting compartment’ for incoming 
thalamic fibers (Rakic 1976).  Ablating SPNs at the onset of this ‘waiting period’ resulted 
in the anomalous growth of thalamic axons in the cortical plate, which shows that they 
also play an important role in target selection by thalamic afferents (Ghosh and Shatz 
1993). Apart from being an obligate relay in the early TC connectivity, they are also 
important for the functional maturation of thalamo-cortical circuits. Axons from the 
thalamic lateral geniculate nucleus (LGN) of the thalamus form patterned structures in L4 
visual cortex of cats called ocular dominance columns (ODCs)(Hubel and Wiesel 1977). 
Ablation of SPNs results in failure of proper ODC formation (Ghosh, Antonini et al. 
1990, Kanold and Shatz 2006). Similar results were seen in somatosensory whisker 
(‘barrel’) cortex (Tolner, Sheikh et al. 2012), where whisker barrels failed to form 
following SP ablation. Thus SNPs, and especially their L4 thalamo-cortical synapses, are 
involved in many of the early events during cortical development. 
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1.6.3 Maturation of Inhibition 
Another important function of SPNs lies in the maturation of inhibition, which, in 
turn, controls synaptic plasticity during the critical period (Hensch 2004). Maturation of 
inhibition involves developmental changes in GABA receptor subunit composition 
(Golshani, Truong et al. 1997, Chen, Yang et al. 2001). Another key event is the 
developmental upregulation of the chloride ion transporter KCC2, which results in shift 
of GABA from depolarizing to hyperpolarizing (Ganguly, Schinder et al. 2001). Ablation 
of subplate neurons results in receptor subunit composition remaining in its 
developmental state (α2, α3) and failure of upregulation of KCC2, as a result of which 
GABA remains depolarizing (Kanold and Shatz 2006). Glutamatergic inputs are required 
for this upregulation, and during development SPNs are the main source of glutamatergic 
inputs in the cortex. 
 
1.7 Disease association: 
        The function of SPNs is thus two-fold. During early development, they play a role in 
axon guidance and target selection for appropriate establishment of thalamo-cortical 
connections. They also initiate and maintain some of the early network activities that 
form the blueprint of connectivity. During later development, they have a distinct role in 
maturation, refinement and plasticity of this circuitry, particularly through maturation of 
inhibitory connections. Given the large-scale involvement of SPNs with cortical 
development and function, it is thus unsurprising that they are of particular importance in 
both the healthy and diseased state. 
Over the past few years, a growing body of evidence has pointed towards the 
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relevance of subplate neurons to various neurological disorders. Their role has been 
implicated in cases of neurodevelopmental deficits like cerebral palsy and periventricular 
leukomalacia (PVL) (Volpe 2009). A strong correlation is also emerging between SPN 
abnormalities and neuropsychiatric disorders like autism (Hoerder-Suabedissen, 
Oeschger et al. 2013, McFadden and Minshew 2013, Avino and Hutsler 2010, Xu, 
Knutsen et al. 2010) and schizophrenia (Kostovic, Judas et al. 2011). 
 
1.7.1 Autism: 
Autistic spectral disorder (ASD) (‘autism’) is a family of neurodevelopmental 
disorders characterized by impaired social and communicative skills, along with 
repetitive and stereotyped behavior ( NIMH). While the symptoms are well defined, the 
cellular and molecular basis for this disorder is not clear. Deficits in cortical migration 
have long been acknowledged as a possible cause for ASD (Piven, Berthier et al. 1990). 
A recent study conducted on eight individuals with ASD found abnormal cortical – white 
matter boundaries, which might have resulted from SPNs that failed to undergo apoptosis 
or that experienced neonatal injury (Avino and Hutsler 2010, Hutsler and Avino 2013). 
 
1.7.2 Schizophrenia:  
 Schizophrenia is another neurological disorder with psychotic manifestations and 
cognitive impairments. Abnormal cortical circuitry has been postulated to be the 
underlying neurological basis of this disease (Friston and Frith 1995, Bunney and Bunney 
2000). This abnormality in cortical wiring might be due to remnant SPNs. Kostovik et al. 
(Kostovic, Judas et al. 2011) further propose that inhibitory neurons in the SP might also 
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have a ‘gating’ function regulating overall connectivity, by virtue of their modulated 
inhibition either allowing or disallowing excitatory signals to propagate through the 
cortex. In injuries resulting in lesions to the SP, this gating function is altered, resulting in 
wiring abnormalities. Thus SPNs are a putative candidate for the neurological basis of 
schizophrenia. Further evidence comes from recent studies where abnormal cortical 
folding resulting from differential cortical growth and SP remodeling has been implicated 
in schizophrenia (Xu, Knutsen et al. 2010, Lewis and Levitt 2002). 
The genetic basis of the contribution of SPNs to both autism and schizophrenia 
has been investigated in a recent gene expression profiling study that showed that mouse 
SP is enriched for genes associated with these neuropsychiatric disorders (Hoerder-
Suabedissen, Oeschger et al. 2013). 
 
1.7.3 Neonatal injury and neurodevelopment disorders:  
Subplate neurons are highly prone to injury (especially hypoxic ischemic injury) 
and are most vulnerable at a time when injuries result in neurodevelopmental impairment, 
making them likely candidates for involvement in proper development (McQuillen, 
Sheldon et al. 2003). SPNs are vulnerable to both hypoxia and anoxia, and this 
vulnerability has been shown to be due to excitotoxicity. The cortical abnormalities 
resulting from hypoxic ischemia mirror the effects seen in common neurodevelopment 
disorders. Molecular resonance imaging (MRI) studies have shown that the subplate 
region in humans is a primary target for hypoxic ischemic insults (Ferriero and Miller 
2010) and such injuries are also associated with cerebral palsy (Hankins and Speer 2003) 
and epilepsy (Freeman and Nelson 1988). In humans, subplate neurons are four times as 
15"
"
thick as the cortical plate at gestation week 24 (McQuillen, Sheldon et al. 2003)— a 
period that coincides with maximum susceptibility to PVL, a type of brain injury 
affecting infants (Volpe 2009). Thus subplate neurons may be the key factor in several 
developmental impairments seen in brain injury. 
 
 1.7.4 Epilepsy: 
Epilepsy, resulting in recurrent seizures, is one of the most common neurological 
disorders (Rakhade and Jensen 2009). The highest incidence of epilepsy is during early 
development (Volpe: Neurology of the Newborn, 5th ed) resulting from insults like 
hypoxic ischemia. Subplate neurons are possible cellular targets of such insults resulting 
in epileptic seizures. These neurons express high levels of AMPA- and NMDA-type 
glutamate receptors during development (Hanganu, Kilb et al. 2002), and are particularly 
susceptible to excitotoxicity. Since they foster inhibition in the developing cortical 
system (Kanold and Shatz 2006), loss of SPNs results in imbalance between excitation 
and inhibition, which can result in seizures. Lein et al. have shown via kainate-mediated 
excitotoxicity that SP ablation results in seizures in cats (Lein, Hohn et al. 2000). 
 
1.7.5 Effects of substance abuse on SPNs:  
 Subplate neurons express receptors for a wide range of neurotransmitters and 
hormones, including GABA, serotonin and progesterone. Hence exposure to drugs (either 
in the womb or through breast milk) could affect their activity and as such, result in 
abnormal development. Thus subplate neurons may be a central component in 
developmental impairments seen in brain injuries resulting from maternal substance 
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abuse. 
 Recent advances in sequencing technology have led to remarkable progress in 
associating genes expressed in the subplate with certain neuropsychiatric disorders, 
mainly autism and schizophrenia (Hoerder-Suabedissen and Molnar 2013). Genes whose 
expression is enriched in the SP as compared to the cortical plate (including Atp6a2, 
Cadps2, Cdh10, Cdh18, Cdh9, Gabra5, Nrxn1, Plp1, Prss12, Sema5a, and Tppp) were 
associated with autism. Similarly, other SP-enriched genes (including Apoe, Dbi, Ddr, 
Drd1a, Fn1, Gad1, Insig2, Notch2, Nr4a2, and Slca2) were associated with 
schizophrenia. This close association between molecular subtypes and neuro-pathological 
deficits further emphasizes the importance of studying SPNs at a molecular level. 
 
1.8 Current SPN research largely falls into two classes: 
           The field of SPN research is largely dichotomous. On the one hand, a wealth of 
research in different model organisms has provided detailed insight into the physiological 
properties of SPNs and their role in connectivity. On the other hand, cutting-edge 
molecular techniques have made immense contributions to our understanding of the 
diversity of molecular subclasses of SPNs and the spatio-temporal gene expression of 
SPNs. However the precise role of the different subclasses of SPNs still remains largely 
unanswered. It is not known if different subclasses are integrated differently into the 
circuitry, so as to subserve different functions. Overall, neurons in the neocortex exhibit 
an amazing range of molecular diversity (Druga 2009), which makes the problems of 
classification difficult. Given this great diversity of SPNs, and their critical involvement 
in health and disease, it would be highly informative to see if there is any correlation 
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between the molecular phenotype and neuronal geometry. As a general rule, neurons 
belonging to a particular molecular class typically express a distinct set of molecular 
markers and have distinct morphology. This has indeed been found to hold true for SPNs, 
although descriptions of SPNs in both respects fall well short of complete. 
A key to studying a neuronal population is the ability to target it for imaging, 
genetic manipulation or other interventions. Specifically, transgenic driver lines 
expressing a reporter and / or Cre recombinase in the SP are invaluable tools for studying 
these populations at a molecular level. Since SPNs are not a single homogeneous 
population, in addition to the availability of good Cre lines, multiple reporters are 
essential to mapping the connectivity of the different subpopulations. 
The primary focus of my thesis, and my contribution to the study of cortical 
development, has been to develop and characterize a set of reagents and protocols for the 
study of SP neuroanatomy and molecular expression, in order to try to understand the 
underlying basis for the diversity of this population and its myriad contributions to brain 
function and psychiatric disease. A breakdown of the research program into a set of 
experiments, each published as a paper in a peer-reviewed scientific journal, follows. 
 
1.9 Research outline: 
1. Characterization of transgenic lines to study this population at a 
molecular level: 
Targeting and manipulating a neuronal population, especially during development, 
requires the availability of transgenic lines with precise spatio-temporal expression of 
either a reporter and/or a Cre recombinase. There is a profound lack of transgenic lines 
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that target this population. As a first step, in Chapter 2, I characterize existing lines and 
postulate best candidates for the development of future lines. In particular I study: 
a) Expression pattern   
b) Specificity  
c) Temporal characteristics 
d) Subpopulations labeled. 
This set of information lays the groundwork for the molecular neuroanatomical studies 
and enables studies like targeted activation, inactivation and ablation of SPNs to elucidate 
the functional significance of the different subclasses. 
 
2. Development of a set of reporters to enable the study of different 
subclasses of SPNs: 
The success of any tracing study depends largely on the quality of the reporters used. 
Genetic tracing has largely relied on fluorescent proteins such as green fluorescent 
protein (GFP). While GFP performs well as a reporter in genetic tracing experiments, 
options for multiple tracing suffer from serious drawbacks. Since SPNs are a mixed 
neuronal population, their genetic study inherently requires multiple tracers.  In an effort 
to facilitate the connectivity of different cell types, in chapter 3, I describe the 
development of a ‘toolbox’ of tracers for multi-color light and electron microscopic 
studies. In addition to facilitating the SPN studies proposed here, these tools are of 
general interest to neuroscience and other fields. 
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3. Study of the molecular neuroanatomy of SPNs to integrate different 
subtypes into connectivity: 
A main question underlying SP neurobiology is whether or not there is a specific 
functional significance of the diversity of this neuronal population. Do the different 
subpopulations engage in different aspects of connectivity and function? While it is 
known that SPNs provide instructional roles to the developing cortical plate, especially 
L4, the main thalamo-recipient layer, the precise connectivity remains unknown. Using 
the whisker barrel field of primary somatosensory cortex as a model, in chapter 4, I 
anatomically investigate how one particular subclass of SPNs is integrated into this 
complex circuitry. 
 
4.  Understanding the neuronal architecture of molecular subtypes of SPNs: 
SPNs exhibit diverse morphology. However, the molecular correlates of these anatomical 
subtypes have not been studied in detail. As an example, inhibitory neurons of the 
neocortex expressing certain molecular markers exhibit a certain geometry (Druga 2009). 
A similar correlation is as yet undescribed for the different cell types of SPNs. In chapter 
5, I document my observations about one specific subclass: the CTGF-positive SPNs. 
 
 
 
 
 
 
 
 
 
 
 
20"
"
Chapter 2: Characterization,of,Potential,Transgenic,Lines,labeling,SPN, 
2.0 Introduction: 
The ability to target and manipulate specific sets of neurons is invaluable to 
studying the functional role that they play in behavior. Common techniques for achieving 
the delivery of particular transgenes for the labeling (Figure 2.1) or manipulation of cells 
include electroporating the DNA into the ventricle of developing embryos at different 
gestational stages (in utero electroporation, IUE) (Shimogori and Ogawa 2008) or 
performing postnatal stereotaxic delivery via viral vectors (Kaspar, Vissel et al. 2002, 
Taymans, Vandenberghe et al. 2007). A more difficult, yet ultimately more reliable, 
method is transgenesis, wherein a reporter or effector gene is stably integrated into the 
genome. This ensures more reliable cell-type specific expression (Gerfen, Paletzki et al. 
2013) and maintains relatively constant levels of transgene throughout the life of the 
animal (and transgenes can come on early, allowing the study of development, which can 
be difficult with other methods). 
                In case of SPN, since a large part of functional activity takes place during early 
developmental stages, the transgenic strategy allows manipulation at the embryonic and 
early developmental with a level of target specificity not possible with postnatal viral 
delivery or embryonic DNA electroporation. 
  The use of Cre recombinase (Gong, Doughty et al. 2007, Gerfen, Paletzki et al. 
2013), (Kuhlman and Huang 2008) enables the cell type-specific expression of a variety 
of payloads, including those for labeling the neuronal population and tracing axonal 
projections, and manipulation of targeted cells with Channelrhodopsin-2 (ChR2), a light-
gated activator (Petreanu, Huber et al. 2007) or light- gated silencers including NpHR 
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(Zhang, Wang et al. 2007), (Gradinaru, Thompson et al. 2008), or Archaeorhodopsin 
(Arch) (Chow, Han et al. 2010). Recent advances in protein engineering also enable 
researchers to monitor the activity of a specific set of neurons by tracking calcium 
activity (e.g. with GCaMP (Chen, Wardill et al. 2013)) or directly observing synaptic 
glutamate transmission (e.g. with iGluSnFR (Marvin, Borghuis et al. 2013)). However 
such studies have not been attempted in SPN mainly due to the inability to target these 
neurons with spatiotemporal specificity, which in turn is primarily due to the lack of well 
characterized transgenic lines that express Cre recombinase (‘Cre driver lines’) or 
specific reporters like eGFP, in a large population of SPN with high specificity.  
          As such, I adopted a two-fold approach to address this issue.  As a first step, I set 
out to characterize the existing Cre lines created by public databases like GENSAT 
(http://www.gensat.org/index.html) and the Allen Brain Atlas (http://www.brain-
map.org/) that can help enable genetic labeling and targeting of SPN. In this study, I have 
made an attempt to characterize the transgenic lines in relation to the specificity of 
expression within the cortex and extra-cortical expression. This will enable future studies 
to select appropriate driver lines to express transgenes and perform precise manipulation 
(Figure 2.2). Alongside this, I created and characterized novel transgenic lines using 
SPN-specific genes (see Chapter 1). 
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2.1 Specific Aims: 
a) Characterization of transgenic lines, generated by GENSAT and Allen Institute that label 
SPN. This includes reporter gene-expressing lines – CTGF-GFP and Cre recombinase 
expressing lines – CTGF-Cre, Drd-Cre, Nxph4-Cre. 
b) Design, generation and characterization of transgenic lines that enable targeting and 
manipulation of SPN. This includes CTGF-channelrhodopsin (activation) and CTGF-
NpHR halorhodopsin (silencing). 
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2.2 Gene expression within the SP: SPN are a molecularly diverse population 
(Allendoerfer and Shatz 1994, Kanold and Luhmann 2010). While this makes it 
interesting from a functional aspect, selecting a gene to generate a pan-SPN driver line is 
challenging. Microarray analysis of genes expressed in the SP from the somatosensory 
and visual cortices has provided valuable insights into the gene expression patterns within 
the SP at different stages of development (Hoerder-Suabedissen, Wang et al. 2009, 
Hoerder-Suabedissen, Oeschger et al. 2013)  (Figure 2.3a). This rich diversity in gene 
expression provided us with several options for transgenesis to target this population: 
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Table 2.1 lists genes that are potential candidates for transgenic strategies. 
 
Gene 
 
Symbol Expression 
       
Onset 
Complexin3 Cplx3 SP specific 
Some expression is seen in L5 during 
development 
Postnatal 
Connective Tissue 
Growth Factor 
CTGF SP specific Embryonic 
Neurexophilin Nxph4 SP specific Embryonic 
Dopamine receptor 
D1a 
Drd1a SP specific 
Some expression is seen in L6  
Postnatal 
 
 
- Table 2.2 lists the transgenic lines characterized in this study 
Gene Insert Type  Expression Availability Possible applications 
CTGF eGFP Bac 
(RP24-
96J1) 
Sparse Cryopreserved Sparse labeling 
 
CTGF Cre Bac 
(RP24-
96J1) 
Non Specific Cryopreserved  Not applicable 
Drd1a Cre Bac 
 
Specific to SP 
with some 
upper cortical 
expression in 
S1 
 
Cryopreserved 1.Sparse labeling 
2.Targeted activation, 
silencing 
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2.3 Results:  
We characterize the following transgenic lines in mice aged between P7 –P9 in coronal 
sections: 
 
2.3.1 CTGF-GFP: 
CTGF (Connective Tissue Growth factor) belongs to a family of secreted extra-cellular 
matrix (ECM) proteins that play a vital role in cellular proliferation, migration (Shimo, 
Nakanishi et al. 1999), angiogenesis (Shimo, Nakanishi et al. 2001), mitosis and 
differentiation (Lee, Shah et al. 2010). CTGF has been shown to express selectively in 
deep cortical layer (Layer VII) in rats (Heuer, Christ et al. 2003). The SP-specific 
expression of CTGF was further validated in a microarray screen by Saubadeisen et al. 
(Hoerder-Suabedissen, Wang et al. 2009). CTGF mRNA is expressed throughout the 
rostral-caudal (RC) gradient of the SP (ABA). While this gene has an embryonic onset of 
expression, the levels are up-regulated in the post-natal stage (Heuer, Christ et al. 2003, 
Hoerder-Suabedissen, Wang et al. 2009). CTGF mRNA is expressed throughout the SP 
zone in the RC gradient as seen in ABA (Figure 2.3 panel c) making it an ideal target for 
transgenesis. The Tg(Ctgf-EGFP)156Gsat transgenic mouse was generated as a part of 
the  GENSAT Project at Rockefeller University 
(https://www.mmrrc.org/catalog/sds.php?mmrrc_id=11899). The transgenic line was 
generated by the insertion of multiple copies of Bacterial Artificial Chromosome (BAC) 
RP24-96J1 wherein eGFP is inserted into the coding locus of CTGF. Mice harboring the 
transgene express eGFP from the CTGF promoter (Figure 2.4). 
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2.3.1.1 Gene expression in CTGF eGFP transgenic line: 
Reporter expression in the neocortex: 
GFP expression in the transgenic line has also been characterized by Molnar et al. 
(Saubadesiien, personal communication). In our hands, the GFP expression is strong and 
within the cortical plate, expression is largely restricted to the subplate. eGFP expression 
within the SP is sparse and seen in a small subset of CTGF-positive SPN. eGFP-
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expressing neurons are seen in rostral regions including Vibrissal Motor Cortex M1 and 
Primary Somatosensory Cortex S1. Very few neurons  are seen in areas caudal to S1 
(Figure 2.5). SPN residing in differ laminas within the SP receive different patterns of 
synaptic inputs. In our preparations, neurons expressing eGFP are present in different SP 
laminas (Figure 2.6). Figure 2.6a (white arrow) shows a representative image of a CTGF 
positive SPN residing in the upper and lower (blue arrow) SP. 
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SPN are heterogeneous with respect to neuronal geometry. Although we have not done a 
thorough quantification, the GFP positive neurons in this line appear to exhibit a range of 
morphology (Figure 2.6) A systematic morphometric analysis will further validate this 
observation. The different morphological classes that we observed in this transgenic line 
include pyramidal, horizontal and multipolar.  (For definitions of the different geometry 
and criteria of classification, please refer to chapter 6 under appendix). The morphology 
and dendritic patterns of this subclass has been described in Chapter 6 appendix in detail. 
Presence in different laminas and different morphological subclasses imply that these 
neurons likely integrate synaptic inputs from different areas.  
        Profuse neuropil density, including axons and dendrites, is seen within the Subplate 
(Figure 2.6), indicating that they are involved in intra-SP connectivity. Within the cortical 
plate, neuropil density, including axons and dendrites, is seen in all layers especially in 
L1 and L4 (Figure 2.7). This implies that CTGF positive neurons are integrated in intra-
cortical connections. In order to conclusively determine the identity of the neuropil, we 
co-labeled with Neurofilament H (NFH) (Roy, Coffee et al. 2000) and found that some of 
the neuropil density in L4 is from GFP positive axons (Figure 2.7).  This could imply that 
CTGF positive SPN is probably providing synaptic inputs to L4. Axonal projections as 
determined by NFH co-labeling are seen within the cortical plate, especially in L4 but not 
in upper layers (Figure 2.7). 
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2.3.1.2 CTGF/Cplx3 co-localization: Saubadeissen et al. observed that 2/3rds of GFP 
positive cells in the CTGF GFP line are Cplx3 positive. In this study, we observed similar 
localization patterns at P9 (Figure 2.8). This implies that CTGF and Cplx3 form a partly 
overlapping population SPN. 
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2.3.1.3 Arrangement of axons within L4: 
  SPN play an instructive role in the developing TC system especially during the 
critical period (Kanold and Luhmann 2010). L4 is the primary thalamo-recipient cortical 
layer (Nahmani and Erisir 2005); previous studies have noted that SP neurites have a 
characteristic pattern of arrangement in L4 with respect to their thalamic afferents (Pinon, 
Jethwa et al. 2009). Hence we investigated the pattern of the GFP positive neurites in L4.   
Thalamic afferents within L4 of vibrissal somatosensory cortex (also known as 
‘barrel cortex’), are clustered into a patterned arrangement called barrels (Agmon, Yang 
et al. 1995) that are separated by inter-barrel spaces called septa. Afferents from the Vpm 
(Ventral posterior medial nucleus of the thalamus) representing a single whisker projects 
to a single barrel in L4. Barrels in l4 are occupied by both excitatory and inhibitory 
neurons. The excitatory neurons– the spiny stellate cells and the pyramidal neurons- far 
outnumber the inhibitory neurons (Sun, Huguenard et al. 2006).  
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In the thalamo-cortical information pathway, afferents from the Vpm (Ventral 
posterior medial nucleus of the thalamus) representing a single whisker projects to a 
single barrel in L4. Excitatory neurons from a single barrel in L4 project to L2/3 in the 
same column. Weak trans columnar activation is also seen in adjacent columns.  
In a parallel pathway, the septal region between adjacent barrels receives inputs 
from different whiskers from the posterior medial nucleus (Petersen 2007). The barrel 
and septa however encode distinct information about the whisker movement (Alloway 
2008) – barrel related circuits encode the spatiotemporal information about whisker 
movement while septal circuits encode the kinetics and frequency of whisker movement 
(Alloway 2008). 
Since barrels and septa serve different functions in information processing 
(Alloway 2008) (Agmon, Yang et al. 1995) we sought to study the spatial distribution of 
neurites with respect to thalamic afferents clustered as barrels and septa, and see if axons 
from different cell types had different patterns of arrangement with respect to the 
thalamic afferents arranged as barrel and septa.
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Figure 2.10/11: CTGF-GFP expression pattern: figure shows a coronal section 
from a CTGF GFP transgenic line. GFP signal is enhanced with anti-GFP antibody. Panel 
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a shows labeled SPNs in rostral areas mainly M1 and S1. Also seen is the GFP label in 
the blood vessels. Also seen is dense GFP label in Choroid plexus (*). Panel b is a higher 
magnification image zooming in on the labeled cells. Notice the different morphology 
and the different SP lamina occupied by the GFP positive cells. Notice the GFP label in 
minute blood vessels. Panel c shows the GFP label in choroid plexus (CP) panel d shows 
a zoomed out view showing the GFP label in the choroid plexus in the context of the SP 
label. Panel e shows label in the base of the hippocampus (H). Note the fibers rising from 
the base of the hippocampus into the internal capsule into the cortical plate. Panel f shows 
fibers from base of the hippocampus into the piriform cortex. Note the fan-like pattern 
(arrowhead) in the piriform cortex formed by the fibers rising up. 
 
 
Axons in L4 could have three possible patterns of projections with respect to the 
thalamic afferents: inter-barrel, intra-barrel or a non-specific /random arrangement of 
axons in the barrel field (Figure 2.9). In order to determine the location of neurites from 
SPN with respect to the whisker pattern, we labeled thalamic afferents by localizing the 
vesicular glutamate transporter 2 protein (VGLUT2) (Methods). Most of the GFP 
positive axons are within the barrel hollow (Figure 2.10). While we do observe neuropil 
in the septa, the density is much higher within the barrel hollow (Figure 2.10). Since the 
GFP labels both axons and dendrites, we co-labeled the GFP positive neurites with NFH-
200 to selectively label the axonal population (Figure 2.10), and found a high degree of 
co-localization (Fig 2.10 l,m,n). 
2.3.1.4 Extra-cortical expression: 
           In addition to the CP, GFP expression is seen in hippocampus. Labeled fibers arise 
from hippocampus and enter the piriform cortex (Figure 2.11) where they spread out into 
a fan-like structure.  In addition to the neocortex, we observed labeled neurons in 
different thalamic nuclei in this labeled line. Labeled neurons are seen in the ventrobasal 
complex (VB) and some association nuclei (Figure 2.12). 
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           While the CTGF gene is specific to the SP in the neocortex, it also labels 
connective tissue (hence its name), and thus strong expression is seen in blood vessels 
and the choroid plexus (Figure 2.11 c,d). Strong eGFP expression is seen in the 
vasculature, which sometimes obscures the fine neuropil density. A majority (2/3rds) of 
GFP expressing cells (14 out of 25 neurons) from 2 animals express Cplx3. 
            The CTGF-GFP line thus faithfully labels a sparse population of SPN that exhibit 
different morphologies. However, the GFP positive neurons might be a distinct 
subpopulation of the CTGF positive cells, as GFP is expressed in many more SP neurons. 
This might be a position effect of the BAC integration event, or due to some regulatory 
elements in the BAC itself. 
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2.3.1.5 Barrel-specific arrangement of neurites and non – specific expression: 
Barrel cyto-architecture in cortex is formed by the clustering of thalamic afferents 
in L4 (Agmon and Connors 1991). Vpm is the main thalamic nuclei that send axonal 
projections to barrels (Petersen 2007). Since eGFP positive cells were also observed in 
the Vpm, it is likely that the GFP positive axons are from the thalamus. However since 
SPN are known to project to L4 (Pinon, Jethwa et al. 2009) during the critical period, it is 
likely that some of the axons are from the subplate. This confounding issue can be 
resolved by segregating thalamic afferents from the SP afferents. This can be 
accomplished by: 
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Triple transgenic tracing: Creating a triple transgenic line that expresses a fluorescent 
protein, spectrally well separated from eGFP, in thalamic neurons in addition to GFP in 
the SP. In theory, this is possible by crossing a transgenic line expressing Cre 
recombinase in specific thalamic nuclei (e.g. Vpm) with a Cre reporter – tdTomato and 
crossing this line with CTGF-eGFP mice (Figure 2.13).  The resulting triple transgenic 
will enable us to segregate the two populations and see if SPN provide feed-forward 
projections specifically to the barrel hollow. However, while some driver lines do exist in 
the GENSAT collection that express Cre recombinase in the thalamus, there is also 
expression seen in the cortical plate, which might confound interpretation of the results. 
Targeted stimulation of SP and imaging calcium activity in barrels: Another approach 
would be to express a calcium indicator in layer 4 and selectively stimulate the SP and 
observe calcium activity in L4. Specific stains like Cytochrome oxidase can selectively 
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label barrels post hoc, and the location of the activity can be determined. However the 
current state-of-the-art transgenic reporter line (Ai38, which expresses GCaMP3 (Tian, 
Hires et al. 2009), (Zariwala, Borghuis et al. 2012)is not sensitive enough to report sparse 
signals (data not shown). As such next generation reporter lines encoding the GCaMP6 
variants (Chen, Wardill et al. 2013) are required to perform these analyses.  These mice 
are under construction but will not be available for many months. 
 
 
2.3.2 Drd1a-Cre:  
Catecholamine neurotransmitters like dopamine play an essential role in the normal 
functioning of the brain (Fernstrom and Fernstrom 2007, Schultz 2007). Such functions 
include motor control (Klemm 1989), reward (Wise and Rompre 1989) and cognition 
(Nieoullon 2002). The effects of dopamine in the nervous system are mediated by 
dopamine receptors that fall into two major classes – D1 and D2. While both receptor 
classes are transmembrane proteins belonging to the G-protein coupled receptor (GPCR) 
family (Beaulieu, Del'guidice et al. 2011, Hasbi, O'Dowd et al. 2011), they are distinct in 
their mode of action. Dopamine receptor dysfunction has been implicated in 
neuropsychiatric disorders like schizophrenia. While the gain-of-function effects 
(hallucinations) are likely mediated by excessive dopaminergic signaling in subcortical 
areas through the D2 receptor (Seeman and Kapur 2000), the loss-of-function effects 
(cognitive deficits) are most likely mediated by dysfunctional D1 signaling in pre-frontal 
cortex (Goldman-Rakic, Castner et al. 2004). 
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           Within the cerebral cortex, dopamine receptor D1 expression is enriched in the SP 
(Anna et al. ’13 and ABA). This gene, according to Anna et al., has a post-natal SP 
specific expression and is hence a good target to study post-natal SPN. The BAC 
transgenic line Drd1a-Cre-FK164Gsat was also generated as a part of the GENSAT 
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project.  This line was created by inserting multiple copies of BAC RP23-47M2 into the 
mouse genome. The BAC is modified by inserting Cre recombinase into the coding 
region of dopamine receptor D1 (after the start codon) (Figure 2.14). 
 
2.3.2.1 Cre expression in the cortex: 
Upon crossing with a reporter line, Ai9 (Madisen, Zwingman et al. 2010), the 
RFP protein fills somato-dendritic compartments and fine axonal branches, thereby 
allowing us to study the connectivity of this population of SPN. Figure 2.15 shows Drd 
RFP expression relative to Cplx3 in M1, S1 and A1. RFP expression is strong and robust 
in the SP zone and extends beyond the subplate into the deep cortical layers in M1 
(Figure 2.15 a,b, c) and partly in S1 (Figure 2.15  d,e,f). Upper cortical expression, 
primarily in L6, is seen in S2 and part of S1BF (Figure 2.15  g,h,i). Qualitatively, the Cre 
expression becomes increasingly SP restricted in caudal S1BF. In further caudal areas, 
expression becomes sparse and SP restricted in A1. This suggests an areal difference in 
Cre expression in this transgenic line. Such areal differences, however, are not seen in the 
mRNA expression (ABA in situ data). In rostral cortical areas, like M1, this transgenic 
mouse line might be a good genetic tool where additional specificity can be achieved 
through optogenetic methods. 
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2.3.2.2 Sharp rostral-caudal gradient of Cre expression:  
The expression of Cre recombinase, as visualized by the fluorescent reporter 
expression, has a sharp gradient of expression in the rostral-caudal axis. While extra-SP 
expression is seen in the deep cortical layers, the expression becomes increasingly SP 
specific in the barrel cortex. Figure 2.17 shows that in the center of the barrel cortex, 
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extra SP-expression shows a remarkable down regulation, and expression is almost 
entirely restricted to the SP. This further shows that this line could be a SP specific driver 
line for SPN in S1BF. 
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2.3.2.3 Morphology of neurons in CP: 
SPN present themselves in diverse geometries. Drd1a positive neurons within the 
SP also present a heterogeneous morphology (Figure 2.17 and 2.18). We observe neurons 
that appear pyramidal, horizontal and atypical as seen with the CTGF positive SPN. 
Within the SP lamina, cells were seen in both superficial and deep cortical layers. Hence 
Drd positive SPN within the SP also form a mixed population like CTGF. And this line 
could be useful to perform SP specific studies in the barrel cortex. 
 
2.3.2.4 Drd/Cplx3 co-localization: 
Cplx3 gene expression is restricted to the SP except for the few genes in L5. In order to 
determine how much of the Drd expression is within the SP, we counted the number of 
Drd-expressing neurons in compartments marked by Cplx3.  We localized our study to 
S1, as this is the region where Drd1a expression is mostly SP restricted (Figure 2.18). 
 
 
2.3.2.5 Neuropil in cortex:  
Extensive neuropil density is seen in different layers of the neocortex.  At P7, we 
observe neuropil density within the SP and extending into the cortical plate, especially in 
deep cortical layers and in layer 4/5 boundary. Some density is also observed in upper 
layers. While some of these are clearly dendrites as determined by the thickness and 
presence of spines (Figure 2.19), some of them appear to be axon terminals as determined 
by the punctate appearance of the terminals. 
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2.3.2.6 Pattern of arrangement: 
As with CTGF, we wanted to see if the Drd positive SPN had a characteristic 
pattern of projections in the cortical plate. A patterned arrangement of the SPN could 
imply an instructive role in the patterned cyto-architecture like the barrels. In layer IV, 
the possible arrangements include: within the barrel hollow, between the barrel hollows, 
and random orientations. 
 
2.3.2.7 Barrel related arrangement of neurites and non – specific pattern with respect 
to the thalamic afferents in L4 (Figure 2.9 b). As before, in order to determine the layers 
48"
"
that the Drd1a positive SPNs project to, we localized neuropil density with respect to 
thalamic afferents using VGLUT2 immunoreactivity. 
 
2.3.2.8 Drd neurites in L4  
L4 is one of the main thalamo-recipient layers in the neocortex (Bannister 2005), 
and SPN are essential for the maturation of TC projections to L4 (Kanold, Kara et al. 
2003). Since we observed neuropil density in L4, Drd positive neurites were examined in 
relation to the barrel cyto-architecture to see if they were within the barrel hollow or 
within the septa. At P9, we observed that Drd positive SPN neurites, as seen by RFP 
fluorescence, were excluded from the barrel hollow and most of the neurites were 
primarily localized at the L4/5 boundary (Figure 2.20). It is important to note that the 
neuropil density was at the L4/5 boundary and not in L4. While some of the neuropil 
density was clearly from dendrites (as seen by the presence of spines) some of them were 
axons.  This pattern is similar to what is seen with Cplx3 and distinct from that seen with 
CTGF positive SPN, which extend neurites mostly within the barrel hollow. However, an 
important distinction between Cplx3 and Drd1a distribution is that while the former is 
entirely indicative of the projections from the SPN, the latter includes axons and 
dendrites. 
 
 
2.3.2.9 Drd neurites in L1 
  Upon localizing with respect to VGLUT2 –immunoreactive cells, we observed 
Drd1a positive neurites in layer 1 in the different cortical areas studied. High-
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magnification images revealed punctate Drd1a positive neurites and varicosities along 
with VGLUT2+ terminals in L1. These results are consistent with prior physiological and 
anatomical studies showing SPN projections to layer 1 (Clancy and Cauller 1999). Since 
this is one of the main feedback layers in the neocortex, presence of axon terminals in 
this layer indicates a role of SPN in the feed-forward cortical circuit. 
 
2.3.2.10 Technical limitations - Extra-cortical expression:  
A major technical limitation of this observation is that in the Drd1a line, in 
addition to the expression in the neocortex, there is expression in some thalamic nuclei as 
well, primarily Po (Figure 2.16f). Although the main thalamo-cortical afferents originate 
from those nuclei, Po extends projections primarily to the septal compartment in L4 
(Alloway 2008), while we see most of the neuropil density from this cross in the L4/5 
boundary. Hence while some of the neuropil density could also be from these thalamic 
nuclei, the pattern of distribution with resect to the thalamic afferents (barrels) is not 
likely to be affected by this extra cortical expression.  
 
2.3.3 NxpH4-Cre 
This is an inducible Cre Nxph4-2A-CreER2. This has been developed by the 
Allen Brain Institute and has been recently procured by the lab. Preliminary analysis on 
an adult brain sample shows that Cre expression is almost exclusively restricted to the 
subplate. However, some labeled somata are also observed in thalamic nuclei. The 
inducible Cre might provide a temporal handle over expression. Although we have no 
data from this line yet, recent studies (Hoerder-Suabedissen, Oeschger et al. 2013, Miller, 
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Ding et al. 2014), have shown that Nxph4 is a SP marker that is enriched in the postnatal 
SP and hence selective modulation of the SP at different stages of development might 
provide insight into its precise role during the critical period. However Cre induction in 
neonatal animals might be a challenge. In utero administration of tamoxifen has recently 
been shown to have adverse side effects during development (Hilakivi-Clarke, Cho et al. 
2000, Eberling, Wu et al. 2004). Postnatal administration might exceed the critical period 
time window for expression. 
 
2.3.4 Other transgenic lines from GENSAT: 
CTGF-Cre:  
This line was also generated a part of the GENSAT project. The design scheme is similar 
to that of CTGF GFP. However the Cre recombinase shows broad expression both within 
the SP and in the upper cortical layers. We did not characterize this line further because 
of this non-specific expression. 
 
 
2.3.5 Transgenic lines generated in this study: 
 While the GFP labeled line enables anatomical study of the CTGF positive SP neurons, 
we tried to generate lines that would enable functional manipulation of the CTGF 
positive SPN. To achieve this, we created lines that would express Channelrhodopsin 
(ChR2) (activation) or Halorhodopsin (NpHR) (inactivation) under the CTGF promoter. 
Our goal was to create a genetic toolbox that would enable functional and anatomical 
studies of one of the major subpopulation of SPN. We cloned ChR2-Venus and NpHR-
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YFP into the coding sequence of CTGF in the BAC RP24-96J1 (Figure 2.4b,c,d) and 
inserted multiple copies into the genome. 
 
2.3.6 Gene expression: The expression pattern of the effectors ChR2 and NpHR in 
different founder lines was very interesting. While almost all the ChR2 founders had a 
very sparse expression like CTGF GFP, NpHR founders had a broad non-specific 
expression similar to the CTGF Cre line (Figure 2.22). Functionally, these lines failed to 
produce optogenetic activation and inactivation. This was most likely because a single 
copy ChR2 or NpHR, which have very low conductance, was not sufficient modulate the 
activity. So while these transgenic lines were not successful for further research, it is 
clear that there is probably some regulatory element associated either with the genomic 
segment in the BAC or with the integration site that results in either a sparse but specific 
(CTGF-GFP and CTGF–ChR2) or a dense but non specific expression (CTGF-Cre and 
CTGF-NpHR). This information will be useful in the generation of future transgenic 
lines. 
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2.3.7 Possibilities for future knock-in transgenics or promoter encoded expression: 
Cell type-specific promoters have been used to gain access to particular cell types 
(Chhatwal, Hammack et al. 2007). While in certain cases, the cis-regulatory elements 
extend many kilobases (kb) into the genome, sometimes they span just few kb and can 
thus be packaged into viral vectors like adeno-associated virus (AAV) or lentivirus and 
used for cell type specific gene expression (Nathanson, Jappelli et al. 2009). Given the 
existence of such short sequences, viral vector-encoded promoter with a reporter gene 
could be delivered in utero to attain SP-specific gene expression (Rahim, Wong et al. 
2012). This approach avoids in utero manipulation at early gestational age, which is 
technically challenging. These methods could be used in conjugation with Drd-Cre and 
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CTGF-GFP transgenic lines to gain combinatorial specificity. Thus I tried to see if any of 
the SP markers had upstream sequences short enough to be potential targets for such an 
approach.  
 
The criteria for such a regulatory element upstream of a gene include: 
a) SP specific or SP enriched expression with no or limited expression in other subcortical 
areas, specifically in thalamic nuclei and brainstem. Such a pattern of expression will 
eliminate the thalamic ‘contamination’ seen with other transgenic lines. 
b) Distance between upstream gene (with respect to the direction of gene expression). The 
two commonly used viral vectors include AAV vector has a payload limit of ~ 4.5 kb 
(Hirsch, Agbandje-McKenna et al. 2010, Wu, Yang et al. 2010) and lentivirus can 
accommodate a payload of ~9kb. So ideally a flanking region less than these limits could 
be ideal. 
c) Flanking genes should ideally be transcribed in the same direction as this gene. If not, the 
upstream region might also encompass the regulatory element(s) for the flaking gene 
resulting in anomalous gene expression. 
Our approach includes: 
a) Picking candidates from recent expression profiling data (Hoerder-Suabedissen and 
Molnar 2013) that have postnatal specificity of expression in the subplate. 
b) UCSC genome browser (http://genome.ucsc.edu/) gives gene location in the genomic 
context. We used it to look at the position of the gene of interest, flanking regions and 
genes and expression patterns. Table 2.3 summarizes the genomic context of SP specific 
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genes. Cplx3 and Nxph4 seem putative candidates for upstream regulatory element 
targeting. 
 
Table 2.3: Genomic context of SP specific genes 
Gene Upstream Downstream Transcription 
Cplx3 800 3767 all genes in the same orientation 
Abhd4 5425 88971 Upstream gene opposite orientation 
Nxph4 8317 1599 all genes in the same orientation 
 
 
2.4 Discussion: 
Most of the current knowledge of the SP circuitry comes from physiological techniques 
like Laser Scanning Photostimulation (LSPS).  LSPS is a technique based on the 
photolysis of caged glutamate that allows the precise mapping of the position and 
strength of inputs to a single postsynaptic neuron. However, this technique does suffer 
from certain limitations. For instance, it is not feasible to map the pre-synaptic inputs to a 
defined cell population. This can be overcome with the help of a transgenic line wherein 
a transgene expression enables labeling and manipulating a specific neuronal population 
to gain insight into the function of this group of neurons. Some of the common methods 
of transgene expression include a) delivery of the gene of interest under specific 
promoters using viral vectors, b) in utero electroporation, and c) transgenic mouse lines 
wherein germline transmission of the gene is achieved via a BAC transgenic or by 
‘knocking’ the gene into the genome under the endogenous promoter. 
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      In a developing system like the SPN, viral vector-mediated expression is not a 
practical strategy because the time for adequate expression (~2 weeks) will exceed the 
critical period even if injection is performed right after birth. The promoter size of most 
SP-specific genes far exceeds the payload of viral vectors. 
      Since SPN are early born, in utero electroporation is generally performed around 
E10.5 to target this population. While this procedure has been performed in different 
laboratories at this gestational stage, it is challenging.  Also since different 
subpopulations of SP are born on different days within a time window of E10.5 – E12 
(Molnar ’13 early born), achieving a uniform SP expression via this technique is not 
possible. Hence transgenic lines with germline transmission offer the most efficient 
approach to gain genetic access into the SPN. 
        In this study, we characterized two transgenic lines that offer different levels of 
specificity and expression. For a sparse but highly specific expression, CTGF-GFP is the 
choice while Drd-Cre offers the advantage of more dense expression but at the cost of 
specificity especially in the rostral areas of the neocortex.  Since the transgenic line 
expresses Cre recombinase, it allows the expression of a reporter (e.g. fluorescent 
proteins), activator (e.g. ChR2), silencer (e.g. NpHR), or activity indicator (e.g. GCaMP). 
Potential issues resulting from extra SP expression in the upper cortical layers (mainly 
L6) can be overcome by targeted activation /inactivation (optogenetics) or by focusing 
the region of interest within the SP (GCaMP). 
 
2.4.1 Possible integration of SPN in intra-cortical and thalamo-cortical circuitry: 
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Layer 1, in addition to receiving apical dendrites from different cortical layers, is the 
point of convergence of several connections, including intra-areal connections (Ma, Yao 
et al. 2013) and thalamo-cortical afferents (O'Leary, Schlaggar et al. 1994). Hence if part 
of the neuropil density in L1 from a Drd1a positive SPN consists of axon terminals then it 
is most likely indicative of a role in synaptic integration. 
Layer 4 is the main thalamo-recipient layer and the presence of CTGF positive axons in 
this layer might be indicative of an instructional role. There are two distinct possibilities 
with this type of neurite arrangement: 
a) A fraction (~2/3) of CTGF-GFP positive SPN are also Cplx3 positive. Maybe those are 
the Cplx3 positive SPN also projecting to the barrel hollow. 
b) In case of CTGF- GFP positive neuropil in the barrel hollow, we see entire axons, not just 
axon terminals, within the barrel hollow. So maybe this is indeed reflective of the pattern 
of SPN axons within the barrel field – all axons traverse through the barrel hollow and 
then turn and make terminations capable of forming synapses at the walls of the barrel 
hollow. Since Cplx3 is localized exclusively in the terminals (Zanazzi and Matthews 
2010), we observed density from Cplx3 positive SPN in the barrel-septal boundary. 
 
And since barrels and septal circuits encode different aspects of the circuitry, this 
could imply their differential integration in the cortical circuitry. Further, the differential 
orientation might be an example of different subpopulations of SPN segregating into 
different functional subclasses. However, given the co-expression in thalamic nuclei, we 
are unable to conclude the exact significance of this pattern of neuropil density. 
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2.4.2 Gene expression pattern within the SP: 
A recent study revealed a unique pattern of gene expression among the SPN. They 
observed that genes that are specific to the SP are rarely specific at all ages (Hoerder-
Suabedissen, Oeschger et al. 2013). They show a unique pattern of co-expression where 
genes expressed in the subplate are also expressed in the upper cortical plate especially in 
Layer 5. An example of such a gene is Cplx3, which is enriched in the subplate and also 
expressed in a small population of cells in layer 5. Hence while there are several 
possibilities for Cre lines with targeted expression in the subplate, there is likely to be Cre 
expression in different cortical areas and extra cortical areas in all these lines.  In other 
words, it might not be entirely possible to have a SP driver with very high spatio-
temporal specificity. 
            Given this caveat, in this study we have identified and characterized two driver 
lines that are available and that faithfully target SPN. These lines offer different levels of 
specificity and might be useful to manipulate and study this population. Nonetheless, 
extra-SP expression in cortical layers and subcortical expression is seen in both these 
lines. However, there are no other existing means to genetically target this population, 
and further targeting strategies might also have the same issues of non-specific 
expression. We have also provided some insights into the CTGF gene locus as a potential 
site for transgenesis for future studies. 
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2.5 Conclusions: 
a) We have identified and thoroughly characterized one transgenic line expressing Cre 
recombinase in the SPN and another line expressing eGFP in SPN. Although there are 
technical limitations, these lines will facilitate studying this population at the molecular 
level. 
b) We have also identified transgenic driver lines that could potentially be useful to target 
SPN. 
c) While CTGF might be a SP specific gene, it might not be an ideal promoter with which to 
generate transgenic lines. The genomic context probably has some cryptic regulatory 
elements that either make the expression very sparse but SP specific or make it robust in 
SP but with extra-cortical expression that renders the line non specific. 
d) The unique gene expression pattern in SPN points to a lack of spatiotemporal specificity 
of SP markers throughout development. 
e) Genes specific to the SP also have a high level of co expression in upper cortical layers at 
different developmental time points. 
f) The above two points indicate that a ‘golden’ SP specific driver line is highly unlikely 
and as such an additional level of specificity, either using functional tools or triple 
transgenics might be required to exclusively study this population. 
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2.6 Future directions: 
1. Targeted manipulation of activity: 
The Cre lines characterized here could be useful where additional specificity is conferred 
by targeted imaging (GCaMP) or targeted activation/inactivation with the help of a laser. 
Targeted crosses with transgenic lines expressing calcium indicators (GCaMP6) in a Cre-
dependent manner might facilitate targeted imaging of SPN activity during development. 
Alternatively, targeted activation and inactivation with ChR2/NpHR will permit the 
manipulation of a subpopulation of SPN. 
2. Promoter driven expression: 
Expressing a single reporter or multiple reporters from promoters of the three genes 
identified here as SP specific with regulatory elements short enough to be used with viral 
payload. 
 
 
 2.7 Material and Methods 
All procedures followed the University of Maryland College Park animal use regulations. 
In this study, we use mice (C57BL/6) of either sex from The Jackson Laboratory 
(jax.org). 
 
Perfusion and sectioning: Brains were perfused transcardially with 4% PFA, post-fixed 
for 2 hours in 4% PFA at room temperature or overnight at 4C. Fixed brains were rinsed 
in cold PBS and cut coronally at 50µm thickness and collected in cold PBS and stored at 
4C. Horizontal sections were made as described in (Tolner et al.). 
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Immunohistochemistry: Free floating sections were blocked in 3% BSA and 0.3% 
Triton for one hour at room temperature followed by incubation in primary antibody 
overnight at 4C. Sections were rinsed in 0.3% Triton 3 times (15’ each) to remove non 
specifically bound primary antibodies followed by incubation in secondary antibodies. 
Sections were finally rinsed in 0.3% Triton to remove non-specific secondary antibodies 
and mounted onto glass slides. Sections were air dried at room temperature, rehydrated in 
PBS and coverslipped with Vectashield (Vector Labs). Antibodies and concentrations are 
shown in table 2.4. 
 
Imaging: 
Fluorescent sections were imaged with Pannoramic 250 Flash Whole Slide Digital 
Scanner to analyze cell and projection distribution. Quantification of cells and projections 
was done on images taken on a confocal microscope (Zeiss 510 or 710 meta). Filter sets 
were chosen to minimize any bleedthrough between fluorophores. 
 
 
 
Analysis: 
Images acquires as above were adjusted for contrast and brightness in Image J. Cell 
quantification was done in Image J using Cell counter plugin. Projection analysis was 
done in Image J and plotted using custom Matlab scripts. 
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Table 2. 4 
Name Vendor Cat.No Dilution Species 
Cplx3 Synaptic 
Systems 
122 302 1:1000 Rb 
VGLUT2 Synaptic 
Systems 
135 404 1:5000-
10,000 
Gp 
NeuN Chemicon MAB377 1:100 Ms 
 
Name Vendor Cat.No Dilution Conjugate 
Gt anti  
Rb 
Invitrogen     A-
11008 
1:500 AF 488 
Gt anti  
Gp 
Invitrogen     A-
21435 
1:500 AF 568 
NeuN Invitrogen A-21435 1:500 AF 647 
Rb:rabbit, Gt: goat, Ms: mouse, Gp: guinea pig, AF: Alexa Flour 
 
 
 
 
 
"
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CHAPTER 3: DESIGN AND CHARACTERIZATION OF MULTIPLE 
TRACING TOOLS 
 
 
ABSTRACT 
 We describe an engineered family of highly antigenic molecules based on GFP-
like fluorescent proteins. These molecules contain numerous copies of peptide epitopes 
and are shown to simultaneously bind IgG antibodies at each location with high affinity. 
These ‘spaghetti monster’ fluorescent proteins (smFPs) distribute well in neurons, 
particularly into small dendrites, spines and axons. smFP immunolabeling reveals fine 
sub-cellular structures and permits the localization of weakly expressed proteins that are 
not well resolved with traditional epitope tags. By varying the epitope and scaffold, we 
generated a diverse family of mutually orthogonal antigens for cell tracing and protein 
tagging. When deployed in neurons and in mouse and fly brains, smFP probes allow 
robust, multi-color visualization of cell populations and neuropil with distinct epitopes. 
The antigens perform well in advanced preparations such as array tomography, super-
resolution fluorescence imaging, and electron microscopy. Stochastic expression allows 
Brainbow-like discrimination of neuronal arborizations. These probes will facilitate 
experiments in connectomics, protein localization and the assembly of high-resolution 
brain atlases. 
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3.0 INTRODUCTION:  
      SPN comprise a diverse neuronal population, and the connectivity of multiple cell 
types within and beyond the SP is presently unknown. While the Cre driver lines 
characterized in the previous chapter will enable labeling of SPN in general, labeling 
multiple sub-populations of neurons calls for the development of high-quality labels 
(‘probes’) to distinguish them. In this chapter, I’ll describe the efforts to engineer, 
characterize and optimize a class of high performance probes for light and electron 
microscopy that will, given the availability of a faithful Cre line, enable the integration of 
multiple subtypes of SPN in cortical and sub-cortical connectivity. In addition to the SP 
study, these probes can be immensely useful in several areas of biology including high-
resolution microscopy including Array Tomography, STORM and immunoEM.  
             Most labels used for the purpose of discriminating cell populations fall under the 
general class of protein tags. Protein tags are ubiquitous tools in all areas of biology, 
where they greatly facilitate the detection and isolation of target proteins and cells from 
intact tissues and purified samples in a wide variety of applications (Waugh 2005). 
Although many types of molecular tags exist, the two most commonly used are peptide 
antigens (‘epitopes’) (Terpe 2003) and fluorescent proteins (FPs).  
Epitope tags (Munro and Pelham 1984)are short antigenic peptide sequences that 
facilitate immunolabeling with tag-specific antibodies when attached to a protein of 
interest (POI). The principal advantage of epitope tags is the availability of reliable 
primary monoclonal and polyclonal antibodies, particularly in cases where antibodies to 
the POI are non-specific, raised in the same species as other targets, or unavailable 
entirely. Almost all epitope tagging experiments draw upon a small set of validated 
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peptide antigens (typically mapped from an immunizing antibody), including influenza 
hemagglutinin (HA)(Field, Nikawa et al. 1988), myelocytomatosis viral oncogene 
(myc)(Evan, Lewis et al. 1985), simian virus 5-derived epitope (V5)(Southern, Young et 
al. 1991), the synthetic peptide FLAG (Hopp, Prickett et al. 1988), the synthetic 
streptavidin-binding strep-tag (Schmidt, Koepke et al. 1996) and more recently OLLAS 
(Escherichia coli OmpF linker and mouse langerin)(Park, Cheong et al. 2008). Because 
epitope tags are small (typically 8-12 amino acids), they can usually be attached to POIs, 
even in multiple copies, without overtly affecting protein folding, targeting or protein-
protein interactions. Secondary antibodies (anti-Fc antibodies raised in a distinct species) 
conjugated to a number of detection moieties, including fluorescent dyes and gold 
particles, allow signal amplification in most sample preparations. However, there are 
practical limitations to the use of peptide antigens for detection. Most importantly, the 
affinity of antibodies for small tags can be low; single or even multimeric tags are 
frequently insufficient for detection when the POI is weakly expressed.  Furthermore, 
peptide epitopes, being weakly structured by themselves, are unable to be stably 
expressed in cells without fusion to a scaffold protein. 
  Alternatively, FP tags (Giepmans, Adams et al. 2006) may be used in fusions to 
visualize POI localization, or expressed alone as cell-filling tracers. Aequorea victoria 
green fluorescent protein (GFP), for example, is soluble, bright, highly stable, and 
generally well tolerated by cells. As a result, it has been used extensively for imaging 
experiments in both live and fixed preparations for both protein localization and cell 
tracing. The existing FP toolkit includes variants across the visible spectrum (Chudakov, 
Matz et al. 2010). Despite their widespread use, however, native FP tags are not optimal 
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for many applications. First, the excitation and emission spectra of FPs are broad, making 
them difficult to use in combinations of more than 2 or 3. Second, low levels of FP 
expression are often insufficient for high-resolution reconstruction of cellular 
morphology or protein localization without amplification. As such, FP tags are typically 
antibody-amplified, despite their intrinsic fluorescence. 
Compared to peptide antigens, FPs can offer higher affinity for their 
corresponding antibodies and live fluorescence before immuno-amplification. However, 
the use of FPs as antigens has limitations. Over-expression of most coral-derived FPs can 
result in aggregation and cytotoxicity, while failing to label neurites and other small 
compartments uniformly. More importantly, many anti-FP antibodies cross-react with 
related FP probes, severely limiting options for the simultaneous use of multiple FP 
channels. Also, given the relatively large size of FPs, tagging a POI with multiple FP 
copies often disrupts the native expression and trafficking of the POI (although there are 
examples where such tagging is successful, e.g. (Yang, Marcello et al. 2006)). 
Tracing studies are typically performed ex vivo to enhance the field of view, 
optical access and imaging resolution. However, tissue fixation (e.g. chemical cross-
linking with paraformaldehyde or glutaraldehyde) often compromises FPs, resulting in 
the reduction or loss of fluorescence or antigenicity. The recognition of epitopes by 
antibodies can be similarly damaged by tissue preservation protocols. Preparations for 
high-resolution microscopy, such as electron microscopy and array tomography (Micheva 
and Smith 2007), place even greater demands on proteins, often employing secondary 
fixation with osmium tetroxide (OsO4), dehydration, resin infiltration and embedding, all 
of which can greatly reduce the availability and antigenicity of labels. Historically, robust 
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immunolabeling has come at the expense of poor ultrastructure preservation. Very few 
studies have demonstrated adequate immunolabeling following fixation with osmium 
tetroxide (OsO4) in electron microscopy. Approaches omitting OsO4 have been 
developed (Skepper and Powell 2008), but ultrastructure preservation in these 
preparations is suboptimal. 
To overcome the limitations of existing FP and fusion-probe labeling techniques, 
we sought to develop new molecular tags that combine the advantages of FPs and peptide 
epitopes. Specifically, an ideal probe should combine the solubility, cell tolerance and 
optional endogenous fluorescence of FPs (FPs can easily be rendered dark, while 
retaining their 3-dimensional structure), together with orthogonal antibody recognition 
and tagging of POIs with multiple epitope copies. Compatibility with heavy fixation 
protocols was also a key design goal. Here, we describe a new family of extremely 
antigenic protein tags called ‘spaghetti monster’ fluorescent proteins (smFPs). smFPs 
have 10-15 copies of single epitope tags inserted into an FP scaffold with either an intact 
or darkened chromophore. Engineering peptide epitopes into stable scaffolds resulted in 
accessible, high-affinity antibody binding. smFP expression is non-toxic and enables 
visualization of sparsely expressed proteins and sub-cellular structures poorly labeled by 
conventional FPs. smFPs permit robust, multi-color tracing of neurons, axons and 
dendrites in multiple independent channels that are easily separated by conventional 
epifluorescence filter sets. Our modular construct design strategy facilitates further 
expansion of this toolkit, and a common scaffold helps to normalize tag/tracer expression 
level, sub-cellular localization and half-life. The smFPs have direct applications in high-
resolution light and electron microscopy, including array tomography (AT)(Micheva and 
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Smith 2007), super-resolution fluorescence imaging (Huang, Bates et al. 2009), 
immunoEM (Yi, Leunissen et al. 2001), and correlative light and electron microscopy 
(CLEM)(Sjollema, Schnell et al. 2012). These smFP reagents enable new experiments in 
neuroscience and other biological fields. 
 
3.1 Specific Aim: Design and validate a set of probes that will complement the 
existing fluorescent protein-based labels and permit robust multiple labeling of cellular 
populations. 
 
3.2 RESULTS   
3.2.1 Molecular design and in vitro characterization 
 To Create hyperantigenic tags, we sought protein scaffolds that would 
accommodate the insertion of numerous peptide tags while retaining their proper folding 
and cellular trafficking. Tags were designed into the selected scaffolds to optimize their 
antigenicity and permit simultaneous binding of multiple antibodies. As scaffolds we 
selected members of the GFP superfamily. GFP is soluble, stable and well tolerated by 
cells. It has also been shown to accommodate the addition of peptide epitopes to its N- 
and C-termini or into internal loops (Abedi, Caponigro et al. 1998). ‘Superfolder’ GFP 
(sfGFP) is an engineered hyperstable GFP variant (Pedelacq, Cabantous et al. 2006) that 
accepts large insertions into its loops while retaining folding and fluorescence (Kiss, 
Fisher et al. 2006). Thus, we reasoned that sfGFP would be an ideal scaffold for antigen 
engineering. 
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 We chose six epitope tags (HA, myc, V5, FLAG, strep II, OLLAS) primarily 
based on the commercial availability of high-affinity antibodies and widespread previous 
use in epitope-tagging applications. Epitopes were inserted in sets of 4 into the internal 
172-173 loop of sfGFP (Kiss, Fisher et al. 2006). In addition, 3-4 epitopes were added to 
each terminus of the sfGFP protein (Figure 3.1a,b). For most epitopes, a protein 
structure of either an antigen/antibody complex or the epitope in its parental 
immunogenic protein was available. These were used to design linker sequences that 
would stabilize all inserted epitopes in the antibody-bound conformation and allow 
simultaneous steric access of antibodies to each (Appendix. Fig. 3.1). (We did not test 
alternative linker sequences for the smFP designs.) Following our initial characterization 
of the sfGFP-based designs, additional proteins were engineered using the stable red FP 
mRuby2 (Lam, St-Pierre et al. 2012) and the green FP mWasabi (Ai, Olenych et al. 
2008). Insertion sites were designed to be homologous to the 172-173 loop of sfGFP, 
based on crystal structures of mRuby (Akerboom, Carreras Calderon et al. 2013) and 
mTFP1 (Ai, Henderson et al. 2006) (Appendix. Figure3.1). The sequences of all 
constructs tested are shown in Table 3.1. 
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Table 3.1 : Summarizes the sequences of all spaghetti monster variants 
 
smFP_FLAG: 
MDYKDDDDKGDYKDDDDKGDYKDDDDKGGVSKGEELFTGVVPILVELDGDVNGHKFSVR
GEGEGDATNGKLTLKFICTTGKLPVPWPTLVTTLGGGVQCFSRYPDHMKQHDFFKSAMP
EGYVQERTISFKDDGTYKTRAEVKFEGDTLVNRIELKGIDFKEDGNILGHKLEYNFNSH
N 
VYITADKQKNGIKANFKIRHNVEGGDYKDDDDKQQDYKDDDDKGQQGDYKDDDDKQQDY
KDDDDKGGDGSVQLADHYQQNTPIGDGPVLLPDNHYLSTQSVLSKDPNEKRDHMVLLEF
VTAAGITLGMDELYKGGDYKDDDDKGDYKDDDDKGDYKDDDDK. 
 
smFP_myc: 
MEQKLISEEDLAEQKLISEEDLAEQKLISEEDLAGVSKGEELFTGVVPILVELDGDVNG
HKFSVRGEGEGDATNGKLTLKFICTTGKLPVPWPTLVTTLGGGVQCFSRYPDHMKQHDF
FKSAMPEGYVQERTISFKDDGTYKTRAEVKFEGDTLVNRIELKGIDFKEDGNILGHKLE
YNFNSHNVYITADKQKNGIKANFKIRHNVEGGAEQKLISEEDLAAEQKLISEEDLGGGG
EQKLISEEDLAAEQKLISEEDLAGGDGSVQLADHYQQNTPIGDGPVLLPDNHYLSTQSV
LSKDPNEKRDHMVLLEFVTAAGITLGMDELYKGAEQKLISEEDLAEQKLISEEDLAEQK
LISEEDL. 
 
smFP_HA: 
MYPYDVPDYAGYPYDVPDYAGYPYDVPDYAGGVSKGEELFTGVVPILVELDGDVNGHKF
SVRGEGEGDATNGKLTLKFICTTGKLPVPWPTLVTTLGGGVQCFSRYPDHMKQHDFFKS
AMPEGYVQERTISFKDDGTYKTRAEVKFEGDTLVNRIELKGIDFKEDGNILGHKLEYNF
NSHNVYITADKQKNGIKANFKIRHNVEGGYPYDVPDYAGGYPYDVPDYAGGGGYPYDVP
DYAGGYPYDVPDYAGGDGSVQLADHYQQNTPIGDGPVLLPDNHYLSTQSVLSKDPNEKR
DHMVLLEFVTAAGITLGMDELYKGGYPYDVPDYAGYPYDVPDYAGYPYDVPDYA. 
 
smFP_V5: 
MGKPIPNPLLGLDSTQQQGKPIPNPLLGLDSTQQQGKPIPNPLLGLDSTGQGVSKGEEL
FTGVVPILVELDGDVNGHKFSVRGEGEGDATNGKLTLKFICTTGKLPVPWPTLVTTLGG
GVQCFSRYPDHMKQHDFFKSAMPEGYVQERTISFKDDGTYKTRAEVKFEGDTLVNRIEL
KGIDFKEDGNILGHKLEYNFNSHNVYITADKQKNGIKANFKIRHNVEGGGKPIPNPLLG
LDSTQQQGKPIPNPLLGLDSTGGQQGGGKPIPNPLLGLDSTQQQGKPIPNPLLGLDSTG
GDGSVQLADHYQQNTPIGDGPVLLPDNHYLSTQSVLSKDPNEKRDHMVLLEFVTAAGIT
LGMDELYKGQGGKPIPNPLLGLDSTQQQGKPIPNPLLGLDSTQQQGKPIPNPLLGLDST
. 
 
smFP_strep: 
MWSHPQFEKQGQWSHPQFEKQGQWSHPQFEKQGQWSHPQFEKGQGSVSKGEELFTGVVP
ILVELDGDVNGHKFSVRGEGEGDATNGKLTLKFICTTGKLPVPWPTLVTTLGGGVQCFS
RYPDHMKQHDFFKSAMPEGYVQERTISFKDDGTYKTRAEVKFEGDTLVNRIELKGIDFK
EDGNILGHKLEYNFNSHNVYITADKQKNGIKANFKIRHNVEGGSWSHPQFEKGGGWSHP
QFEKGGQQGGWSHPQFEKGGGWSHPQFEKSGGDGSVQLADHYQQNTPIGDGPVLLPDNH
YLSTQSVLSKDPNEKRDHMVLLEFVTAAGITLGMDELYKSGQGWSHPQFEKQGQWSHPQ
FEKQGQWSHPQFEKQGQWSHPQFEK. 
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smFP_OLLAS 
MSGFANELGPRLMGKQQQSGFANELGPRLMGKQQQSGFANELGPRLMGKGQGVSKGEEL
FTGVVPILVELDGDVNGHKFSVRGEGEGDATNGKLTLKFICTTGKLPVPWPTLVTTLGG
GVQCFSRYPDHMKQHDFFKSAMPEGYVQERTISFKDDGTYKTRAEVKFEGDTLVNRIEL
KGIDFKEDGNILGHKLEYNFNSHNVYITADKQKNGIKANFKIRHNVEGGSGFANELGPR
LMGKQQQSGFANELGPRLMGKGGQQGGSGFANELGPRLMGKQQQSGFANELGPRLMGKG
GDGSVQLADHYQQNTPIGDGPVLLPDNHYLSTQSVLSKDPNEKRDHMVLLEFVTAAGIT
LGMDELYKGQGSGFANELGPRLMGKQQQSGFANELGPRLMGKQQQSGFANELGPRLMGK
. 
 
 
 
mRuby2_FLAG: 
MDYKDDDDKGDYKDDDDKGDYKDDDDKGGNSLIKENMRMKVVMEGSVNGHQFKCTGEGE
GNPYMGTQTMRIKVIEGGPLPFAFDILATSFGGGSRTFIKYPKGIPDFFKQSFPEGFTW
ERVTRYEDGGVVTVMQDTSLEDGCLVYHVQVRGVNFPSNGPVMQKKTKGWEPNTEMMYP
ADGGLRGYTHMALKVDGGDYKDDDDKQQDYKDDDDKGQQGDYKDDDDKQQDYKDDDDKG
GGHLSCSFVTTYRSKKTVGNIKMPGIHAVDHRLERLEESDNEMFVVQREHAVAKFAGLG
GGGGDYKDDDDKGDYKDDDDKGDYKDDDDK. 
 
mRuby2_OLLAS: 
MGSGFANELGPRLMGKQQQSGFANELGPRLMGKQQQSGFANELGPRLMGKGQGNSLIKE
NMRMKVVMEGSVNGHQFKCTGEGEGNPYMGTQTMRIKVIEGGPLPFAFDILATSFGGGS
RTFIKYPKGIPDFFKQSFPEGFTWERVTRYEDGGVVTVMQDTSLEDGCLVYHVQVRGVN
FPSNGPVMQKKTKGWEPNTEMMYPADGGLRGYTHMALKVDGGSGFANELGPRLMGKQQQ
SGFANELGPRLMGKQQQSGFANELGPRLMGKGGQQGGSGFANELGPRLMGKQQQSGFAN
ELGPRLMGKQQQSGFANELGPRLMGKGGGHLSCSFVTTYRSKKTVGNIKMPGIHAVDHR
LERLEESDNEMFVVQREHAVAKFAGLGGGQGSGFANELGPRLMGKQQQSGFANELGPRL
MGKQQQSGFANELGPRLMGK. 
 
mWasabi_FLAG 
MDYKDDDDKGDYKDDDDKGDYKDDDDKGGDYKDDDDKGGVSKGEETTMGVIKPDMKIKL
KMEGNVNGHAFVIEGEGEGKPYDGTNTINLEVKEGAPLPFSYDILTTAFGGGNRAFTKY
PDDIPNYFKQSFPEGYSWERTMTFEDKGIVKVKSDISMEEDSFIYEIHLKGENFPPNGP
VMQKETTGWDASTERMYVRDGVLKGDVKMKLLLEGGDYKDDDDKQQDYKDDDDKGQQGD
YKDDDDKQQDYKDDDDKGGGHHRVDFKTIYRAKKAVKLPDYHFVDHRIEILNHDKDYNK
VTVYEIAVARNSTDGMDELYKGGDYKDDDDKGDYKDDDDKGDYKDDDDK. 
 
Sequences shown are for the ‘dark’ (chromophore mutated to Gly-Gly-Gly; bold) smFP 
versions. To preserve FP fluorescence, chromophores are left intact: TYG for sfGFP, 
MYG for mRuby2, and SYG for mWasabi. 
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 Initial tests in Drosophila showed that all six FPs were recognized by their 
corresponding antibodies, and five (HA, V5, FLAG, myc, OLLAS) were selected for 
further use based on robust labeling of neuronal processes and absence of apparent 
toxicity to cells. To extend these results to mammalian cells, for each antigen, we tested 
up to 5 commercially available primary antibodies for specific binding in cultured cells 
using immunocytochemistry. Those with the highest labeling and lowest background 
were selected for further experiments (Table 3.2). 
Fluorescence correlation spectroscopy was used to quantify the number of 
antibodies bound to smFPs in solution, based on the change in diffusion properties with 
increasing molecular weight of the smFP-antibody complex. In this experiment, the 
FLAG epitope-based smFP containing 10 FLAG peptides and an intact, fluorescent GFP 
chromophore (‘smFP_FLAG_bright’) was expressed in bacteria, purified, and titrated 
with either monoclonal IgG anti-GFP or monoclonal IgG anti-FLAG primary antibody. 
Then, the diffusion time (τD) of the GFP chromophore of smFP_FLAG_bright was 
determined (Figure3. 1c,d). Titration with the monoclonal anti-GFP antibody yielded a 
τD of 0.57 ± 0.02 msec (std. dev., n = 5), consistent with a single binding event with a Kd 
< 10 nM. (Kd accuracy is limited to the smFP concentration, which was 10 nM in these 
experiments. See Methods for details.) Titration with the anti-FLAG antibody M2 
against 10 nM smFP_FLAG_bright yielded a τD of 1.31 ± 0.04 msec (n = 5), with 
saturation occurring at 100 nM antibody, consistent with the 100 nM concentration of 
epitopes (Fig. figure3.1d). This measured value of τD corresponds to a molecular weight 
of 1700 kD, consistent with 11.3  ± 1 bound anti-FLAG antibodies, based on a calibration 
series (Figure 3.1c), where τD scales as (complex MW)0.39 and assuming an individual 
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antibody MW of 150 kD.  A similar conclusion about the number of bound antibodies 
was found when the 10xFLAG smFP was replaced by the 3xFLAG version (Figure 3. 
1d), where the bound antibody number was determined to be 3.4 ± 0.3. Thus, the smFP 
format displays FLAG epitopes with full M2 antibody accessibility and high affinity. We 
suggest that similar simultaneous binding of multiple antibodies also underlies the 
excellent performance of other smFP/antibody combinations (see below). 
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3.2.2 Robust visualization of cells, neurons, and sub-cellular structures 
To determine if smFPs express well in mammalian cells, HeLa cells were 
transfected with individual smFP constructs. After 24-48 hours, the cells were fixed and 
visualized by immunocytochemistry. All constructs expressed well with no obvious signs 
of cytotoxicity or aggregation (Appendix. Figure. 3.2). To investigate neuronal 
expression, smFPs were first transfected into primary rat hippocampal neurons in various 
combinations, where they were robustly expressed. Subsequently, the probes were 
delivered to cortical and hippocampal pyramidal cells by in utero electroporation (IUE) 
or adeno-associated virus (AAV) infection in mouse brain (Figure. 3.3a, Appendix 
Figure 3.3a,b). Both smFP_FLAG (red) and smFP_myc (green) labeled axons, dendrites, 
and spines in the mouse brain (Figure 3.3a, Appendix Figure 3.3a,b), providing 
excellent filling and traceability. Label density and sub-cellular localization were 
essentially identical for all smFP probes tested. 
 Given that smFPs contain multiple, high affinity binding sites for common 
primary antibodies, it is possible that smFPs will label fine neuronal structures at lower 
concentrations than GFP. To test this idea, limiting concentrations of plasmids (~0.5 µl of 
0.25 µg/µl = 0.125 µg per brain) encoding either eGFP or smFP_FLAG were 
electroporated into hippocampi of E15.5 mouse embryos. 3 weeks later, at postnatal day 
14, mice were perfused and 100 µm vibratome sections were immunostained with 
primary monoclonal antibodies against GFP or FLAG. Then, all sections were treated 
with secondary antibodies conjugated with Alexa 488 and imaged under identical 
conditions. In area CA1, although GFP appeared similar or slightly brighter in somata, 
neuronal processes were brighter and more completely labeled with smFP_FLAG as 
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compared to GFP (Figure 3.3b,c,e,f). In particular, basal dendrites in the stratum oriens, 
the most distal dendrites in the stratum lacunosum moleculare and spines were better 
resolved with smFP_FLAG than GFP (Figure 3.3d,g). 
 Among the dendritic arborizations of hippocampal CA3 pyramidal neurons are 
‘thorny excrescence’ (TE) spines, the post-synaptic target structures of dentate gyrus 
mossy fiber axons. These multi-headed spines were first observed by Cajal from sparse 
Golgi silver staining (Ramon y Cajal 1952), and later by electron microscopy (Amaral 
and Dent 1981, Chicurel and Harris 1992). These spines are unique in that they posses 
multiple spine heads called ‘thorns’ in various shapes and sizes, all arising from a single 
dendritic site (Amaral and Dent 1981, Chicurel and Harris 1992). Fluorescent 
visualization of individual thorns has historically proven problematic, typically requiring 
the injection of a fixable small molecule dye (e.g. Lucifer Yellow) through a patch 
pipette, with subsequent immunohistochemical amplification (Williams, Wilke et al. 
2011). In cases of strong FP over-expression, such as in the YFP-H mouse line, 
excrescences have sometimes been resolved (McAuliffe, Bronson et al. 2011). However, 
long-term, high-level FP expression from a very strong mouse line was required, 
precluding many experiments, including developmental analysis of thorns. Here we 
demonstrate that even the notoriously difficult-to-label CA3 thorns can be visualized with 
low levels of genetically encoded smFPs. As before, limiting amounts of DNA (0.125 
µg) driving either eGFP or smFP_FLAG were expressed in hippocampal CA3 neurons by 
in utero electroporation and at P14 mice were perfused and brains were immunostained. 
The complex, multi-headed thorns were much more clearly resolved with smFP_FLAG 
than GFP (Figure 3.3h,i). For comparison, Lucifer Yellow-filled neurons had labeling 
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density similar to that of smFP_FLAG (Figure 3.3h-j). Together, our results suggest that 
smFP constructs label fine neuronal processes at much lower expression levels than 
conventional FPs. 
 
3.2.3 Protein labeling  
 For proteins lacking suitable antibodies, epitope tagging provides a way to reveal 
sub-cellular distributions. Low-affinity tags are often adequate for detection of highly 
expressed proteins, but such tags are typically insufficient for proteins expressed in low 
abundance. In addition, strong exogenous over-expression of tagged proteins can cause 
mislocalization. Thus, high-affinity tags that provide specific labeling upon low 
exogenous expression, or from chromosomal knock-in, would be ideal for investigating 
proteins for which good primary antibodies do not exist. For example, cadherins are a 
large family of cell adhesion proteins, expressed in many cell types, including neurons 
(Redies 1995). Due to the high sequence similarity between cadherin family members, 
anti-cadherin antibodies often recognize multiple species in tissue, precluding 
unambiguous assignment of localization. N-cadherin (cadherin-2) plays a critical role in 
gastrulation, axon guidance (Ranscht 2000), synaptogenesis, synaptic plasticity (Bozdagi, 
Shan et al. 2000), and learning and memory (Arikkath and Reichardt 2008). N-cadherin, 
which has been shown to localize to post-synaptic structures (Fannon and Colman 1996), 
is a good candidate for evaluating whether smFP fusion proteins localize correctly and 
for comparing detection efficiency between smFPs and single-epitope tag fusion proteins. 
N-cadherin was fused to a standard HA tag or to smFP_HA, and transfected into primary 
hippocampal neurons. Neurons were also transfected with smFP_myc to label cell bodies 
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and neurites and to assess transfection efficiency. Neurons were stained with anti-HA (N-
cadherin), anti-myc (transfected neurons) and anti-MAP2 (all cells). Cell density, 
transfection efficiency and smFP_myc labeling were equivalent between the two 
experiments (Figure 3.3k,m), as were all imaging parameters. However, the single HA 
tag labeled only the most strongly expressing regions (i.e. somata) (Figure 3.3n), 
whereas the smFP_HA tag had strong signal throughout somata, axons and dendrites and 
was overall much brighter than HA (Figure 3.3l). Moreover, with smFP_HA labeling, 
bright punctae of N-cadherin were observed in dendritic spines (Figure 3.3o,q), 
consistent with previous reports. In contrast, much weaker labeling was seen with the 
single HA tag (Figure 3.3p,r). 
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3.2.4 Use as connectomic tracers 
 The ability to trace fine neuronal processes through the brain is critical to 
mapping cellular and circuit connectivity. Electron microscopy is considered the ‘gold 
standard’ for conclusive identification of synaptic contacts and fluorescence microscopy, 
in both living and fixed samples, is an important tool for connectomics (Livet, Weissman 
et al. 2007) (Bohland, Wu et al. 2009, Ragan, Kadiri et al. 2012, Osten and Margrie 2013, 
Sunkin, Ng et al. 2013). Gaps in label density, however, frequently plague efforts to 
reconstruct neuronal morphology and even complicate the simpler task of assigning cell 
bodies to corresponding axons and dendrites. Automated algorithms for light-level 
reconstruction are particularly affected by such data quality issues (Gillette, Brown et al. 
2011, He and Cline 2011, Liu 2011) and attempts to increase fluorescent labeling 
frequently result in significant background staining that also confounds morphological 
reconstruction. 
GFP is widely used in most tracing studies but provides only a single channel of 
fluorescence labeling. Red fluorescent proteins (RFPs), which are sufficiently divergent 
from GFP to facilitate antibody labeling with low cross-reactivity, are typically used as a 
second color channel. However, RFPs suffer many shortcomings as anatomical tracers. 
Most notably, many RFP variants, including mCherry (Shaner, Campbell et al. 2004), are 
cytotoxic, prone to aggregation and do not diffuse readily into fine processes. 
Furthermore, existing anti-RFP antibodies typically result in both weak enhancement of 
signal and significant increase in background fluorescence. Other FP superfamily 
members, such as cyan and blue proteins, suffer similar defects. In short, the current 
fluorescent protein-based labels pose substantial practical limitations to performing 
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multiple-labeling experiments. smFPs, with strong label efficacy, robust cell filling, and 
highly-specific antibodies, could fill this gap and serve as ideal connectomic tracers for 
tracing experiments requiring several color channels. 
 We performed a set of experiments to demonstrate the use of smFPs as 
connectomic tracers, in comparison with published results with the conventional tracer 
GFP. smFPs were delivered by AAV2/1 into primary mouse vibrissal somatosensory 
cortex (S1). Opposite hemispheres of adult mice were infected with AAV expressing 
smFP_myc or smFP_FLAG (Figure 3.4a,b). Two weeks later, mice were perfused; brain 
slices were cut, antibody-stained, and imaged on a high-resolution scanner (Perkin-Elmer 
Pannoramic 250; Methods). Intense cytoplasmic staining was observed at the injection 
sites, and both smFP channels showed labeling of processes clearly visible in many brain 
regions. No signs of label aggregation or axonal blebbing were observed. Axonal 
projections were traced to several cortical and subcortical regions (Figure 3. 4c-f; 
Appendix figure 3.4), including secondary somatosensory cortex, whisker motor cortex, 
striatum, various thalamic nuclei including Vpm, Po and reticular nuclei, entorhinal 
cortex, ectorhinal cortex and piriform cortex. The projection patterns observed here are 
consistent with previous tracing studies (Mao, Kusefoglu et al. 2011) and demonstrate 
that, like GFP, smFPs are excellent long-distance neural tracers. However, unlike GFP, 
smFPs present the opportunity for multi-color labeling. 
 To demonstrate the applicability of smFPs for multi-channel tracing, three distinct 
smFP probes were delivered by AAV to various cortical areas (same hemisphere): 
smFP_myc to primary vibrissal motor cortex (M1), and smFP_FLAG and smFP_HA to 
two sites in S1, separated by 800 µm (Figure3. 4g). All three probes showed strong 
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labeling at and near the sites of injection (Figure 3.4h,i). Long-distance projections were 
clearly observed, including to the contralateral cortical hemisphere and to the thalamic 
nuclei Vpm (from S1; red) and Po (from M1; cyan) (Figure 3.4j). Axons individually 
expressing one of the three colors could be observed converging at the Vpm/Po boundary 
(Figure 3.4k-o). 
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3.2.5 Variant smFP scaffolds 
 As discussed above, despite its endogenous fluorescence, GFP is typically 
antibody-amplified for tracing experiments. The smFPs made on the sfGFP scaffold 
cross-react with all tested anti-GFP antibodies (Appendix Figure 3. 5c), precluding 
immunostaining for these smFPs alongside GFP. Therefore, we also developed a distinct 
set of smFPs based on mRuby2 (Lam, St-Pierre et al. 2012) and mWasabi (Ai, Olenych et 
al. 2008) scaffolds (Table 3.1). These classes of smFPs are not detected with anti-GFP 
antibodies (Appendix Figure 3. 5 e,h). When AAVs expressing mRuby2-based smFPs 
were delivered to hippocampi of mice expressing eGFP, high-efficiency labeling was 
observed with no cross-reactivity with anti-GFP antibodies (Appendix Figure. 3.7). 
Taken together, the smFP toolbox currently provides up to 6 independent channels for 
multiple labeling and is expandable through the modular design strategy. 
3.2.6 Utility in high-resolution microscopy 
 The previous results highlight the utility of hyper-antigenic probes for traditional 
confocal and wide-field microscopy. A number of techniques offer dramatic 
improvements in imaging resolution, including array tomography (AT) (Micheva and 
Smith 2007), super-resolution fluorescence imaging such as stochastic optical 
reconstruction microscopy (STORM) (Huang, Bates et al. 2009), and electron 
microscopy (EM). To achieve this high resolution, however, these methods require very 
high label density, which can dramatically limit applications. Furthermore, harsh sample 
preparation conditions can weaken or destroy antigenicity. To examine the efficacy of 
smFPs for these higher-resolution imaging applications we tested the smFP antigens 
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under each of these imaging modalities including Array Tomography, STORM and 
ImmunoEM (Appendix). 
 
3.3 DISCUSSION: 
3.3.1 Utility for the general scientific community: 
 We describe and validate a set of strongly antigenic labels and demonstrate 
their utility in immunohistochemistry, protein tagging, and light- and electron 
microscopy-level anatomy experiments. The tags are well tolerated by cells and 
sufficiently antigenic to facilitate robust labeling at low expression levels with or without 
secondary antibody amplification. These reagents significantly expand the toolkit of cell-
filling anatomical tracers, which is most commonly limited to a single reliable channel 
(i.e. GFP). The smFPs are fully compatible with GFP, tdTomato, and other existing 
probes in multi-channel labeling and offer superior performance to single-copy epitope 
fusions. 
 Multi-channel anatomical tracing is an important approach for understanding 
function in the context of cellular diversity. Cell type-specific expression of fluorescent 
labels facilitates assembly of large-scale anatomical atlases of model organism brains and 
other tissues (e.g. the fly brain (Geschwind 2004, Heintz 2004, Heintz 2004, Jenett, 
Rubin et al. 2012)). Expression from anterograde or retrograde viral tracers enables long-
range circuit mapping, critical for understanding the ‘meso-scale’ connectome (Bohland, 
Wu et al. 2009, Ragan, Kadiri et al. 2012, Osten and Margrie 2013, Sunkin, Ng et al. 
2013). The enhanced staining provided by the smFP labels will be useful for the 
reconstruction of fine axons, which are typically quite difficult to faithfully follow using 
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current labeling approaches. Trans-synaptic delivery of the hyper-antigens via rabies 
virus (Wickersham, Lyon et al. 2007, Wall, Wickersham et al. 2010) should permit robust 
labeling of functional synaptic connectivity. Most importantly, the existence of 6 (or 
more) viable, orthogonal labels provided by the smFP platform greatly increases the 
capabilities of all such methods. 
 Stochastic expression of the probes within neuronal populations via microbial 
recombinases Creates ‘Brainbow’-like (Livet, Weissman et al. 2007) labeling with 
several important advantages. First, the large number of distinct smFP antigens, each 
with strong labeling from primary antibodies, provides combinatorial complexity. 
Second, as the antigen/antibody binding profiles are orthogonal and small molecule dye 
excitation/emission spectra are narrow, the smFP label channels are easily separable; this 
is a significant advantage over the conventional FPs used in Brainbow, which give rise to 
notorious difficulties in differentiating spectral mixtures (Livet, Weissman et al. 2007). 
Additionally, the AutoBow system (Cai, Cohen et al. 2013) leaves endogenous 
fluorescence of Cerulean and mKate2 intact, which may pollute immunofluorescence 
channels. Lastly, smFP variants based on a single FP scaffold exhibit similar sub-cellular 
distribution within individual neurons, a critical point for proper segmentation of co-
expressing cells. 
 smFP staining revealed the complex sub-cellular morphology of multi-headed 
thorny excrescence spines, with quality superior to GFP and equivalent to the pipette-
loaded small molecule dye Lucifer Yellow. At limiting probe expression levels, as often 
occurs following an internal ribosome entry site (IRES) sequence or in multi-cistronic 
cassettes, the smFP labels may prove better than GFP for the visualization of small 
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structures such as these. Furthermore, the smFP labels enable visualization of fused 
proteins with greater fidelity and sensitivity than that provided by existing tags. Fusion of 
the antigens to POIs, expressed as transgenes or driven from virus, and especially 
proteins expressed at their endogenous levels, are often at too low a level to be observed 
from GFP fusions. Robust multi-channel tagging facilitates experiments to visualize 
protein co-localization. 
 The strong performance of the smFP labels in high-resolution microscopy such 
as array tomography, super-resolution fluorescence imaging, and immunoEM is 
significant for experiments relying on these imaging modalities. Few antigens perform 
well in resin-embedded conditions and most samples exhibit significant decreases in 
antigenicity following aldehyde cross-linking. Moreover, until development of smFPs, 
very few existing labels survived osmium fixation. The high thermodynamic stability and 
epitope avidity of the smFP labels appear to promote resistance to such harsh fixatives 
and resins, providing a wide array of cell tracers and protein tags for these advanced 
preparations. Some smFP labels survive 1% OsO4 fixation, allowing immunoEM with 
strong ultrastructure preservation. The immunoEM staining observed with the smFPs 
shows high label density that fills fine neuronal processes in their entirety with low 
background, facilitating the tracing of thin neurites through serial TEM image stacks. 
High-affinity commercial anti-epitope antibodies resulted in high signal-to-noise ratio, 
and their high specificity to individual tags allowed specific labeling of multiple targets 
with different gold particle sizes. The availability of at least six different types of probes 
with optimized commercial antibodies will enable mapping of cell type-specific 
connectivity in different preparations. The option of leaving the smFP fluorescence intact 
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will facilitate correlative light and electron microscopic (CLEM) studies. At the light 
level, labeling efficiency from three distinct smFPs, with all color channels tested, was 
sufficient to trace fine axonal processes across multiple physical sections. Such versatility 
is particularly useful for AT, where weakly expressed synaptic proteins generally require 
the brightest fluorophores for adequate detection. Furthermore, combinatorial super-
epitope labeling could make it possible to trace connectivity of many cells simultaneously 
at high resolution. 
 The success of the smFPs in the experiments shown here validates the design 
strategy. Strikingly, biophysical characterization showed that smFP_FLAG bound the 
maximum possible number of IgG antibodies with no evidence of steric occlusion. 
Similar avidity would not be expected from very long linear epitope repeats, which are 
susceptible to hydrolytic cleavage and aggregation. The fluorescent protein backbone 
renders the antigens readily expressed and diffusible in cells, as evidenced by their 
penetration into long, thin structures like axons and spines. The modular nature of the 
design strategy and the compatibility with diverse FP scaffolds implies that the toolkit 
may be systematically expanded. Several FP scaffolds make the super-antigens 
orthogonal to anti-GFP antibodies, adding an additional imaging channel. Rendering FP 
chromophores invisible, while preserving folding and stability, preserves spectral 
bandwidth for small molecule dyes. Alternatively, keeping FP chromophores intact 
permits the use of the labels in live imaging followed by post hoc immunohistochemistry 
as is needed to locate small, labeled regions for EM reconstruction. 
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3.3.2 Utility for SP study and further experiments: The study of SPN neuroanatomy 
would greatly benefit from these probes in the following ways: 
a) Brainbow  
The ‘Brainbow’ technique involves the stochastic expression of 3-4 FPs to 
generate cytoplasmic color hues for tracing neurons and their processes (Livet, Weissman 
et al. 2007) (Cai, Cohen et al. 2013). Following its initial development in mouse, versions 
have been deployed in fly (Hampel, Chung et al. 2011) (Hadjieconomou, Rotkopf et al. 
2011) and fish (Pan, Livet et al. 2011). In theory, the method could discriminate >10 
different colors of neurons based on expression levels of each FP (Livet, Weissman et al. 
2007). However, the method has limitations that have hindered its widespread use. 
Endogenous FP fluorescence shows broad excitation and emission spectra that result in 
cross-contamination of color channels when imaging complex FP mixtures. Additionally, 
many FPs do not traffic well in neuronal processes and the unamplified FP signal is 
typically insufficient for neurite tracing, as discussed above. For these reasons, recent 
Brainbow versions have incorporated antibody amplification (Hampel, Chung et al. 2011, 
Cai, Cohen et al. 2013), which effectively restricts imaging to fixed samples (although 
endogenous expression of fluorescent affinity reagents is possible (Gross, Junge et al. 
2013)) but greatly increases signal and cuts down bleed-through owing to the sharper 
fluorescence spectra of small molecule dyes compared to FPs. Accordingly, this 
extensive set of reagents will be ideal for multi-color stochastic labeling of SPN and 
tracing out fine projections to different cortical and sub-cortical areas.  
b) Tracing fine projections from multiple subtypes of active and remnant SPN. 
We have already shown that smFPs perform under conditions of limiting protein 
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concentrations. During development SPN form an active component of connectivity, 
while not much is known about remnant SPN.  In Chapter 2, we identified at least 2-3 
promoters (Cplx3, Nxph4, Abdh4) as short regulatory elements capable of driving 
expression in the SP. Expressing three different smFPs off these promoters using AAV 
viral vectors in utero or post-natally might label multiple subtypes. While these 
experiments can theoretically be performed using traditional FPs (such as tdTomato or 
BFP), the smFP probes show superior performance. More sensitive detection with 
spectral separation might allow unambiguous tracing of fine projections to different cell 
types. 
c) High resolution microscopy: As a follow up to the light microscopic studies 
above, high-resolution microscopy will unambiguously validate the connections and 
might also help quantifying connections (Array Tomography, ImmunoEM). An example 
of this would be quantifying the connections made by Cplx3 positive SPN. 
 
3.4 MATERIALS & METHODS: 
Molecular Biology 
DNA encoding smFPs were ordered from DNA2.0. Genes encoding smFPs were sub-
cloned into pRSETa (Life Technologies) for protein expression and purification in 
Escherichia coli BL21 (this adds an N-terminal His tag for purification, and increases the 
MW by 4 kD). Genes encoding smFP variants were sub-cloned into the pCAGGS vector 
with a CAG promoter (CMV enhancer, b-actin promoter and regulatory element from the 
woodchuck hepatitis virus (WPRE)(Gray, Weimer et al. 2006) for expression in HeLa 
cells and in utero electroporation (Saito and Nakatsuji 2001, Tabata and Nakajima 2001). 
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For expression in flies, R59A05-GAL4 (Pfeiffer, Jenett et al. 2008)was used to drive 
expression of UAS-smFP reporter constructs. Detailed fly constructs will be described 
elsewhere (Nern et al., in preparation). For expression in mice, GFP and smFP variants 
were expressed using an adeno-associated virus 2/1 (AAV2/1) driving the probe under 
control of the human synapsin-1 promoter or a Cre-dependent (FLEX) version of the 
CAG promoter; live virus was produced (JFRC Viral Vector Core). All constructs were 
verified by sequencing. 
 
Cell and neuronal cultures 
Cells were obtained from the American Type Culture Collection (ATCC) and cultured 
according to their protocol. smFP variants were transfected using an Amaxa (Lonza) 
Nucleofector 96w shuttle device.  7e05 live HeLa cells were transfected with 1 µg DNA 
per shuttle well and plated onto two 35mm MatTek plates. Cells were immunostained 24 
– 48 hrs post transfection. Primary hippocampal neurons were obtained from P0 rat pups 
by dissection, dissociated with papain and plated onto coverslips coated with Poly – D-
Lysine (PDL) at a density of 80-100,000 per coverslip and cultured in NBActiv4 medium 
(BrainBits LLC). 
 
Fluorescence correlation spectroscopy (FCS) 
The number of antibodies bound to smFP was found from solution measurements of 
diffusion time of antibody-bound smFP_FLAG_bright using two-photon FCS. 
Calibration of diffusion time versus molecular weight was obtained using the following 
markers: hydrolyzed Alexa 488, 534 D (A-20000, Invitrogen); hydrolyzed Alexa 546, 
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963 D (A-20002, Invitrogen); epidermal growth factor (EGF)-FITC, 6.5 kD (E-3478, 
Invitrogen); RSET-eGFP, 32.7 kD (4999-100 Biovision); RSET-smFP_FLAG_bright, 
42.3 kD; bovine serum albumin (BSA)-Alexa488, 69 kD (A13100, Invitrogen); anti-
FLAG mAb-FITC, 153 kD. Protein solutions were prepared in PBS buffer containing 0.2 
mg/ml BSA. For antibody titrations, unlabeled anti-FLAG and anti-GFP antibodies were 
purchased (Table 3.1), and their concentrations were based on manufacturers’ mg/ml 
specifications. Both smFP_FLAG_bright (10 FLAG epitopes) and 
smFP_FLAG_bright_3x (3 FLAG epitopes at the C-terminus) were used at 10 nM 
protein concentration for the titration, yielding 100 nM and 30 nM of FLAG binding 
sites, respectively. Antibody-antigen solutions were incubated 30 minutes before 
measurements, then pipetted into coverslip-bottom dishes (MatTech) that had been pre-
treated with 0.2 mg/ml BSA in PBS for 5 min, rinsed and dried, to block the surface.  All 
measurements were taken at 25 oC on an inverted microscope (IX-81; Olympus) with a 
1.2 NA water-immersion objective. Focused laser excitation at the sample was 2 mW of 
940 nm light from a Ti:sapphire laser (Chameleon Ultra II; Coherent), characterized by a 
beam radius wo of 430 nm at the focus. Details of the experimental setup and methods are 
described elsewhere (Mutze, Iyer et al. 2012). The diffusion time was found by fitting the 
fluorescence autocorrelation data to a diffusion model using a custom fitting program 
(Vijay Iyer, Janelia Farm) running on Matlab (Mathworks). The calibration of diffusion 
time versus molecular weight was obtained from fitting performed in OriginPro 8 
(OriginLab Corp.; Northampton, MA). Diffusion coefficients D were related to diffusion 
times τD by D = wo2/8τD, where the beam radius wo is given above. 
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In utero electroporation 
All procedures were performed according to the guidelines set by the Institutional Animal 
Care and Use Committees and Institutional Biosafety Committees of the University of 
Utah and HHMI Janelia Farm. Pregnant mothers (pups E14-E18) were deeply 
anesthetized with isoflurane (2%). The uterine horns were exposed and plasmid DNA 
(0.5 µl of ~5 µg/µl for most experiments; 0.5 µl of ~0.25 µg/µl for limiting expression) 
(EndoQ-prepped DNA mixed with 0.03% Fast Green dye in phosphate buffer), injected 
into the ventricle of 3-4 embryos through a micropipette (~0.1 µl per embryo) and 
electroporated using custom forceps electrodes (5 pulses, 100 ms, 40 V each). 
 
Immunohistochemistry 
Mice were perfused with 4% PFA and post fixed for 2 hours at room temperature. Brains 
were rinsed in 1X PBS (3x 15 mins) and 50 µm thick coronal sections were cut on a 
vibratome. Sections were blocked in 3% BSA + 0.3% Triton in PBS for 1- 2 hrs and 
incubated with primary antibody diluted in block overnight at 4 oC. Sections were rinsed 
in 0.3% triton (3x 15 mins) and incubated in secondary antibody diluted in blocking 
buffer for 2 hrs at room temperature. Sections were rinsed as before, mounted on glass 
slides and cover-slipped with Vectashield (Vectashield).  
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Table 3.2 Primary antibodies used in this study: 
 
Ms: Mouse, Rb: rabbit, Gt: Goat, Rt: Rat 
,
Intracranial injections 
All procedures were performed according to the guidelines set by the Janelia Farm 
Research Campus Institutional Animal Care and Use Committee and Institutional 
Biosafety Committee. Animals (adult C57/BL6; either sex) mice were anesthetized under 
isoflurane and AAV virus encoding smFPs, serotype 2/1 (prepared at JFRC Viral Vector 
core) was injected with a custom-made volumetric injection system (based on a Narishige 
MO-10 manipulator). Glass pipettes (Drummond) were pulled and beveled to a sharp tip 
(30#µm outer diameter), back-filled with mineral oil and front-loaded with viral 
suspension immediately before injection. 
 
 
 
 
Epitope, Vendor, Cat.,no., Species, Type, Dilution,,
V5" ABD"
Serotech"
MCA1360" Ms"(mono)" IgG2a" 1:250"
" " " " " "
Myc" Sigma" C3956" Rb" IgG" 1:1000"
Myc" Sigma" M4439" Ms" IgG1" 1:1000"
Myc" Novus" NB"600"
335"
Gt" " 1:500"
" " " " " "
HA" Roche" 11"867"
423"001"
Rat"(mono)"
3F10"
IgG1" 1:100"
" " " " " "
FLAG" Sigma" F1804" Ms" IgG1" 1:1000"
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Injection coordinates 
Double labeling experiment: 
Target A-P M-L D-V Construct 
S1 (LH) -0.59 3 -0.6 and -0.4 AAV_CAG_smFP_myc 
S1 (RH) -0.59 3 -0.6 and -0.4 AAV_CAG_Ruby_FLAG 
 
Triple labeling experiment: 
Target A-P M-L D-V Construct 
M1 1.1 0.9 0.5-0.8 smFP_myc 
S1 a -0.6 2.8 0.5-0.8 smFP_FLAG 
S1 b -0.6 3.6 0.5-0.8 smFP_HA 
All measurements in mm relative to Bregma suture. A-P = anterior-posterior. M-L = 
medial-lateral. D-V=dorsal-ventral. 
ACKNOWLEDGEMENTS: 
Data in Figure 3.2 is from Dr. Megan E Williams, University of Utah. 
 
SUPPLEMENTARY INFORMATION 
Supplemental information is available in an Appendix. 
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Chapter 4:  
A class of molecularly defined subplate neurons are involved in intra-cortical, 
thalamo-cortical, and cortico-thalamic circuits 
 
4.0 Introduction: 
Subplate neurons (SPNs) are a heterogeneous population of neurons present 
transiently in the future cortical white matter. They are one of the earliest generated 
neuronal populations in the cerebral cortex (Kostovic and Rakic 1980) and play critical, 
distinct roles in the embryonic and postnatal stages of development. SPNs play an 
instrumental role in the establishment and refinement of early cortical circuits (Kanold 
and Luhmann 2010). They pioneer the corticofugal (i.e. originating in the cortex) 
(McConnell, Ghosh et al. 1989, McConnell, Ghosh et al. 1994) and corticopetal (i.e. 
terminating in the cortex) (Ghosh, Antonini et al. 1990) pathways and play an essential 
role in the establishment (Ghosh, Antonini et al. 1990, Ghosh and Shatz 1992) and 
functional maturation (Kanold and Shatz 2006) of thalamo-cortical connections and intra-
cortical inhibitory connections (Kanold, Kara et al. 2003, Kanold and Shatz 2006, Tolner, 
Sheikh et al. 2012).  Large numbers of SPNs undergo programmed cell death (i.e. 
apoptosis) and disappear over development while a certain percentage survives into 
adulthood to form Layer 6b, subgriseal neurons (Clancy, Silva-Filho et al. 2001, Kanold 
and Luhmann 2010). 
Recent advances in molecular profiling (Hoerder-Suabedissen, Wang et al. 2009, 
Wang, Oeschger et al. 2011, Hoerder-Suabedissen and Molnar 2013) have revealed a 
number of subtypes of SPNs with diverse expression patterns. This raises the possibility 
that different SPN cell types form different sub-circuits, making it very important to 
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understand the spatio-temporal integration of different SPN subtypes into the circuitry of 
the developing cortex.  
In this study we examined selected SPN cell types based on molecular markers 
that were spatiotemporally restricted to the subplate and followed their spatial pattern of 
expression in cortical and subcortical targets. Complexin 3 (Cplx3), a part of the SNARE 
machinery (Bracher, Kadlec et al. 2002, Chen, Tomchick et al. 2002), was revealed in a 
genetic screen (Hoerder-Suabedissen, Wang et al. 2009, Hoerder-Suabedissen, Oeschger 
et al. 2013) as one of the few genes that had a tight spatio-temporal regulation of 
expression in murine SP over development. Using specific antibodies against Cplx3 we 
investigated how molecularly defined subpopulations of SPNs are incorporated into intra-
cortical and thalamo-cortical circuits (Figure 4.1a). SPNs provide excitatory inputs to L4 
(Kanold, Kara et al. 2003, Zhao, Kao et al. 2009). We also wanted to investigate if these 
projections to layer 4 are oriented in a specific pattern with respect to the thalamic 
afferents in L4 (Figure 4.1b). 
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4.1 Specific Aim: 
Different classes of SPNs could serve different functions. Here we investigate the 
connectivity of molecularly defined classes of SPNs in mouse somatosensory cortex 
during development. 
In our study, we find that Cplx3-expressing SPNs extend projections into cortical 
layers 1 and 4 in different cortical areas. Moreover, in the barrel field of primary 
somatosensory cortex (S1), terminals from a particular cell type have a spatial pattern 
related to the barrel cyto-architecture, reflecting the organization of thalamo-cortical 
projections. We observe that Cplx3-positive neurons project long distances and extend 
axon terminals to different thalamic nuclei. This subpopulation is thus engaged in intra-
cortical as well as cortico-thalamic circuitry and thus could subserve the instructive feed-
forward role (Kanold and Luhmann 2010) as well as a role in feed-back circuits 
(Viswanathan, Bandyopadhyay et al. 2012). Together our results show that a particular 
subtype of SPNs engages in different aspects of cortical and subcortical circuitry. 
 
4.2 Results: 
To study the integration of the different subpopulations of SPNs into the cortico-cortical 
and intra-cortical connectivity, we used antibody-mediated protein labeling in wild type 
mice at postnatal day 9 (P9). We used confocal microscopy to image the integration of 
neuropil from labeled SP subpopulations into different thalamo-recipient layers. 
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4.2.1 Cplx3 specifically labels a population of excitatory SPNs in multiple cortical 
areas: 
Cplx3 belongs to a family of proteins that facilitate neurotransmitter release by promoting 
synaptic vesicle exocytosis (Hu, Carroll et al. 2002, Xue, Stradomska et al. 2008). Recent 
studies have demonstrated that Cplx3 is highly localized within the subplate, across the 
entire anterior-posterior extent of the cortex (Hoerder-Suabedissen, Wang et al. 2009, 
Viswanathan, Bandyopadhyay et al. 2012). We localized the Cplx3 protein using specific 
antibodies and analyzed the somatic and projection profiles in different cortical areas: 
primary vibrissal somatosensory (S1), primary vibrissal motor (M1) and primary auditory 
(A1). Since SPNs play an essential role in the establishment of thalamo-cortical circuitry 
during the critical period (Kanold and Luhmann 2010), we studied SPNs at a young age  
(P7 – P9), which corresponds to the critical period in S1. In all cortical areas, Cplx3 
localized to axon terminals (likely functional protein) (Figure 4.2e – yellow arrow) and to 
cell bodies (likely precursor protein in the endoplasmic reticulum) (Figure 4.2e – white 
arrow). Cplx3 expression was consistently restricted to a subset of subplate neurons in all 
sensory and motor areas. 
The heterogeneity of SPNs extends beyond areal differences. Neurons in the 
upper and lower SP laminas are differently connected with the cortical plate, presumably 
due to differences in dendritic morphology (Viswanathan, Bandyopadhyay et al. 2012). 
Here we find that in A1 and S1, Cplx3-positive SPNs reside both superficially and in 
deep SP laminas (Figure 4.2a panel a- white and yellow arrowheads), implying this 
molecularly defined population can have different dendritic morphologies and 
connectivity. Although we did not carry out a systematic morphological analysis in this 
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study, we observed that Cplx3 positive neurons exhibited a variety of morphologies such 
as horizontal and pyramidal (Figure 4.2a b). Being a presynaptic protein, the Cplx3 
antibody labeling did not fill the entire neuronal morphology and hence we restricted the 
study to a qualitative classification. Firstly, we observed significant differences in 
morphologies between different cortical areas. While Cplx3-positive neurons in rostral 
areas like vibrissal motor cortex (M1) exhibited a range of morphologies like pyramidal, 
horizontal and a few neurons that resembled bipolar, neurons residing in caudal areas like 
primary somatosensory cortex (S1) had a rather uniform horizontal and pyramidal 
morphology (Figures 4.2c,d). The white arrow in Figure 4.2c points to a bipolar neuron 
that in our preparations was not observed in caudal areas. Further systematic 
morphometric studies will be required to validate this, but these observations point to an 
areal difference in SPN morphology, which might correlate with areal differences in SPN 
function. 
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Co-labeling with the neuronal nuclear antigen NeuN shows that the majority of 
neurons in the subplate are Cplx3-positive (Figure 4.3a,b (M1), d,e (S1), g,h (A1)). Taken 
together, Cplx3 labels a dense band of neurons above the white matter corresponding to 
the SP (Hoerder-Suabedissen and Molnar 2013). Moreover our areal comparison shows a 
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rostral-caudal gradient in the extent of Cplx3 labeling. Labeled neurons form a more 
compact band in caudal areas like S1 and A1, while expression in M1 is less compact and 
SP-restricted.  
By P7, we find a few Cplx3-expressing neurons in the cortical plate in S1 but not 
A1 (Figure 4.3f vs 4.3i). This non-specificity, however, is reduced in S1 by adolescence 
(P14/15) and stabilizes through adulthood (P21). These results indicate that either a small 
subpopulation of cortical neurons in rostral areas is Cplx3-positive, or that a 
subpopulation of Cplx3 SPNs is heterotopic and is later eliminated by programmed cell 
death. Nevertheless, the vast majority of Cplx3-positive somata at any age reside within 
the subplate lamina. 
SPNs are reported to undergo apoptosis at the end of the critical period and a 
large fraction gets eliminated (Kanold and Luhmann 2010). However we did observe 
Cplx3-positive SPNs neurons in several cortical areas across the age different groups 
studied (Figure 3), suggesting that this cell type might represent a distinct population of 
‘surviving’ SPNs (Kanold and Luhmann 2010). 
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4.2.2 Thalamo-recipient layers receive projections from different subclasses of 
SPNs: 
Cplx3 is involved in synaptic vesicle release (Hu, Carroll et al. 2002, Xue, Stradomska et 
al. 2008) and as such localizes to axons and synaptic terminals. Thus Cplx3 offers a 
unique tool for the study of axonal projections of Cplx3-positive SPNs. We carried out a 
systematic analysis of intra-cortical projections of defined SPNs wild type (WT) mice  by 
localizing Cplx3 with specific antibodies in S1. In order to determine the layers to which 
SPNs project, we localized SPNs projections with respect to thalamic afferents. Thalamic 
afferents are localized primarily in three different cortical layers- L1, L4 and L6 (Frost 
and Caviness 1980) and utilize Vesicular Glutamate Transporter 2 (VGLUT2) (Nahmani 
and Erisir 2005) as the primary vesicular neurotransmitter transporter for thalamo-cortical 
signaling. As such VGLUT2 serves as a reliable marker to identify thalamic afferents 
(Nahmani and Erisir 2005) and hence the different cortical layers.  In this study, we 
localized projections from SPNs with respect to the VGLUT2 label from thalamic 
terminals to determine the cortical layers receiving projections from SPNs. 
 Upon localizing with respect to VGLUT2 immunoreactivity, we observed a 
distinct pattern of projections from Cplx3-expressing SPNs throughout the cortical plate. 
Projections mainly extended to the thalamo-recipient layers L1 and L4. (Figure 4.4a,b,c) 
in the different cortical areas studied. High-magnification images revealed punctate 
Cplx3-positive axon terminals and varicosities along with VGLUT2 terminals in L1 
(Figure 4.4c). These results are consistent with prior physiological and anatomical studies 
showing SPN projections to layer 1 (Clancy and Cauller 1999). Since this is one of the 
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main feedback layers in the neocortex, presence of axon terminals in this layer suggests a 
role of SPNs in the feed-forward cortical circuit.  
L4 is one of the main thalamo-recipient layers in the neocortex (Bannister 2005) 
and SPNs are essential for the maturation of thalamo-cortical projections to L4 (Kanold, 
Kara et al. 2003). However the role of the different subclasses in this function remains 
unknown.  Consistent with earlier physiological studies (Zhao, Kao et al. 2009) we 
observed projections from Cplx3-positive SPNs in L4 at ages corresponding to the 
critical period. Upon co-localizing with VGLUT2, we observed that most of the 
projections from Cplx3-positive SPNs were concentrated not within, but rather above and 
below, the barrels, thus forming a scaffold around the barrel hollow (Figure 4.4d,e,f). 
Taken together, these results suggest that a molecularly distinct population of SPNs has a 
spatially distinct pattern of projections with respect to the thalamic afferents and is 
possibly engaged in different microcircuits than other populations.""
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4.2.3 The spatial pattern of SPN projections to L4 is related to the spatial pattern of 
thalamo-cortical projections 
      SPNs play an instructive role during the critical period of thalamo-cortical 
development (Kanold and Luhmann 2010). Thus SPNs could guide or associate with 
thalamic axons and thereby sculpt future thalamo-cortical connectivity. Thalamic 
afferents within L4 of S1 are clustered into a patterned arrangement called barrels 
(Agmon, Yang et al. 1995) that are separated by inter-barrel spaces called septa. Since 
Cplx3 projects to L4, we sought to study the spatial distribution of SPN axons with 
respect to thalamic afferents clustered as barrels and septa to see if axons from a 
particular cell type had a particular pattern of arrangement in L4 or if the projections 
were uniformly distributed.  
        Axons in L4 could have several possible patterns of projections with respect to the 
thalamic afferents: they could be randomly distributed throughout the cortical plate, they 
could be enriched in L4 within the barrel field or they could be enriched at the 
boundaries. In order to determine the location of axons from SPNs with respect to the 
whisker barrels, we labeled thalamic afferents by localizing Vglut2 and SPNs neurites by 
localizing Cplx3 protein. We analyzed the axon pattern in coronal sections and observed 
that at P9, Cplx3-positive axon terminals had a laminar preference in the cortical plate 
with respect to the barrel cyto-architecture. In the cortical plate, the terminals were 
enriched below the barrel. We observed this laminar enrichment in ~10 barrels from 4 
animals. Figures 4.5 shows coronal sections from mice aged P7-9, stained for Cplx3 
(green) and Vglut2 (red). We quantified the mean pixel intensity from Cplx3 terminals in 
the barrel field and observed an increase in intensity in the horizontal axis (Figure 4.5)  
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Since barrels and septa serve different functions in information processing 
(Agmon, Yang et al. 1995), we wanted to see if the Cplx3 terminals at the barrel 
boundary had a preference for the barrel hollow or the septal compartment. We quantified 
the terminals in coronal sections and while individual section showed preferences, as a 
population we found no preference for either the barrel or septa (Note the absence of 
peaks in Cplx3 intensity along the horizontal axis in horizontal sections, Figure 4.5) 
However, we did observe a septal preference in the flattened horizontal sections 4.5f. 
Further studies are required to validate this observation. 
Figures 4.5: Laminar enrichment of Cplx3 terminals: 
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Figure 4.5 a  
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"Figure 4.5 b
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Figure 4.5 c"
"
"
"
"
"
112"
"
 
Figure 4.5d 
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Figure 4.5e 
 
4.2.4 Cplx3 positive SPNs project to the thalamus 
SPNs have been implicated in pioneering the cortico-thalamic pathway (McConnell, Ghosh et 
al. 1989, McConnell, Ghosh et al. 1994, Grant, Hoerder-Suabedissen et al. 2012). Timed 
ablation of SPNs in cats resulted in cortico-thalamic axons failing to segregate into appropriate 
thalamic nuclei (McConnell, Ghosh et al. 1994). What is the molecular identity of the SPNs 
that extend long-range projections into subcortical targets? Molnar et al. (Grant, Hoerder-
Suabedissen et al. 2012) have shown through DiI (a hydrophobic small molecule dye) tracing 
studies from the ventrobasal complex (VB) and corpus callosum (CC) that CTGF-positive 
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SPNs do not project to the thalamus. Here we investigated if Cplx3 positive SPNs project to 
the thalamus. We also wanted to see if the other subpopulations studied here project long 
range. We observed extensive axonal projections through the internal capsule and punctate 
Cplx3-positive terminals in the thalamus (Figure 4.6). Punctate signals from Cplx3 are seen 
scattered in thalamic nuclei roughly corresponding to Vpm. We also observe a small cluster of 
punctae (white box in 4.5c) above the scattered signals. 
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4.3 Discussion: 
       Neuronal cell types are perhaps most commonly classified according to their 
epigenetic/ transcriptomic identity. But a more functional classification would be their 
role in connectivity. SPNs are a heterogeneous population of different cell types. In this 
study, for the first time, using an anatomical approach, we try to understand the role of a 
particular cell type in connectivity and observe that a particular molecular class of SPNs 
engages in different sub-circuits. We chose a marker that had high spatiotemporal 
specificity to the SPNs during different developmental time points. 
Cplx3, first identified as an SP-specific marker by Molnar et al. (Hoerder-
Suabedissen, Wang et al. 2009), localizes in the same lamina as CTGF, which is another 
molecular marker having SP specific restricted expression in rodents (Figure 2.8) 
(Hoerder-Suabedissen, Wang et al. 2009, Viswanathan, Bandyopadhyay et al. 2012) and 
other species (Wang, Oeschger et al. 2011).  Cplx3 belongs to a family of four closely 
related proteins involved in vesicle release (Hu, Carroll et al. 2002, Xue, Stradomska et 
al. 2008), thus allowing us to specifically study axonal projections of this subset of SPNs. 
Cplx3 expression is postnatally up-regulated and reaches a peak at P8 (Hoerder-
Suabedissen, Wang et al. 2009). 
 While Cplx3 transcripts, as seen by in situ hybridization (Allen Brain Atlas and 
Hoerder-Suabedissen, Wang et al. 2009), shows a largely subplate-specific expression in 
all sensory areas (most RNA transcripts are retained in the nucleus/cell body), the protein 
(which is transported to the axon terminal) labels additional neurons in upper cortical 
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layers during development (Hoerder-Suabedissen, Wang et al. 2009). At P2, neurons in 
the upper cortical layers resemble bipolar migratory neurons (data not shown). However, 
by P7, the morphology of these neurons undergoes a change and they appear as mature 
neurons and extra-SP expression is reduced to fewer neurons. The role of these neurons 
in the developing cortex is unclear. It is likely that some subplate neurons get displaced 
during cortical migration and are heterotopic in the upper cortical layers and are later 
eliminated by apoptosis. It is also possible that some migratory neurons express Cplx3 
and at later stages in development, either Cplx3 expression is down regulated or these 
cells are eliminated by apoptosis. The expression in upper cortical layers undergoes a 
dramatic reduction at stages past the critical period. It is interesting to note that the 
number of neurons expressing Cplx3 in the upper cortical layers shows large inter-areal 
differences. At P7, the Cplx3 positive neurons in the upper cortical layers are more in 
number in S1 than in A1, for instance. These differences could indicate differing roles of 
SPNs in different cortical areas or different maturational stages between areas. Moreover 
our results show that the particular subset of SPNs labeled depends on the cortical area, 
pointing to a functional specialization of SPNs. 
Layer 1, a cell-sparse, neuropil-rich zone (Ma, Yao et al. 2013, Hestrin and 
Armstrong 1996), is the layer of converging connections between cortical and subcortical 
regions.  In addition to apical dendrites from different cortical layers, this layer receives 
intra-areal cortico-cortical projections (Cauller, Clancy et al. 1998) and inputs from 
subcortical areas like thalamus (Herkenham 1986).  This zone thus plays an important 
role in synaptic integration (Ma, Yao et al. 2013) between different cortical layers and 
subcortical regions (Chu, Galarreta et al. 2003). The projections from SPNs to layer 1 
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imply a role in synaptic integration and intra-cortical connectivity. Further physiological 
studies are required to elucidate the precise mechanism of this connection.. Since SPNs 
are actively engaged in circuitry immediately from the embryonic stage (Ghosh and Shatz 
1992, Ghosh and Shatz 1993), it will be interesting to see the temporal integration of this 
cell type into the connectivity. However the postnatal up-regulation of the markers 
studied here precludes the study / analysis of connectivity at the embryonic stage. 
 
 
4.3.1 Laminar enrichment:  
SPNs play a very important role in establishing thalamo-cortical connections over 
development (Kanold and Luhmann 2010).  They establish a transient circuit and relay 
incoming thalamic inputs to developing layer 4. Our results demonstrate a distinct 
laminar pattern of projections from Cplx3-positive SPNs with respect to the thalamic 
afferents in L4. We observe that Cplx3 neurites are enriched in deep layer 4 at the 
boundary of the barrel cyto-architecture in layer 4 formed by the thalamic afferents. 
Barrels and septa subserve distinct cortical circuits and receive inputs from 
parallel subcortical pathways. Distribution of neurites with respect to the barrel hollow is 
indicative of a particular pattern of integration in the thalamo-cortical connectivity. While 
we did not observe a statistically significant differential arrangement of terminals with 
respect to the barrel hollow and septal compartments in coronal sections, we did observe 
a septal preference in flattened sections cut in the horizontal plane. This difference could 
be due to the angle of sectioning. Since the terminals have a laminar preference, 
sectioning in the horizontal plane and imaging at different layers might represent the 
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localization of the terminals differently from the coronal sections. As Cplx3 terminals are 
also observed in L1, Cplx3-positive SPNs would appear to form a scaffold around the 
barrel hollow, similar to the ‘barrel nets’ formed by L2/3 axons (Sehara, Toda et al. 
2010). However, further studies are required to validate this observation. 
A study using the golli-tau-EGFP mouse, which expresses GFP in SPNs (and 
some L6 neurons), showed that S1 barrel cortex has a characteristic periphery-related 
arrangement in L4, in that SPNs neurites in L4 seem to associate with thalamic 
projections (Pinon, Jethwa et al. 2009). Further studies to investigate if Cplx3 terminals 
had a barrel /septal preference will help us better understand the role of this subtype in SP 
connectivity. 
While Cplx3 antibody-mediated staining is informative, there are certain 
limitations to this technique. The signal-to-noise ratio is very low (due to weak protein 
expression), making statistical evaluation extremely difficult. Transgenic lines expressing 
a reporter encoded by the Cplx3 promoter will be an invaluable tool to further investigate 
the projection patterns and hence their role in connectivity.  
Pinon et al. observed a dynamic remodeling of neurites from SPNs in Layer 4. 
The Cplx3 gene studied here has a postnatal up-regulation of expression in the SP 
reaching a peak around P8 (Hoerder-Suabedissen, Wang et al. 2009). While it will be 
interesting to see if these cell types undergo similar remodeling, the developmental up-
regulation precludes such studies. Similar studies on SP-specific genes with an 
embryonic onset will enable us to study any possible developmental up-regulation. 
 SPNs receive thalamic inputs over development that are relayed to the developing 
cortex (Kanold and Luhmann 2010). Here we show that a particular class of SPNs relays 
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this input to Layer 4 and thus fulfills a feed-forward function. Further anatomical and 
physiological studies to identify the post-synaptic targets and to characterize their 
synaptic connectivity within the barrel field will help us understand their role in cortical 
processing. 
 SPNs are strategically located to pioneer cortico-thalamic projections. Our data 
show that Cplx3-positive SPNs extend axons through the internal capsule and project to 
different thalamic nuclei while one subpopulation (CTGF) has been shown to be local. 
This clearly shows that molecular subtypes are segregating into functional cell types. It is 
quite likely that SPNs that are generated at different gestation times have different roles 
in connectivity. Further analysis of cell types that have an embryonic onset of expression 
might answer this question. 
We studied a single marker that is expressed throughout the SP at all stages. 
There are other subtypes – CTGF, Nurr1, Drd1a – of SPNs that are known to have a 
specific spatio-temporal gradient of expression (Hoerder-Suabedissen, Oeschger et al. 
2013). Analysis of their integration into the connectivity might help us further understand 
the role of SPNs during specific developmental time points.  Different SP markers have 
considerable overlap in their expression pattern (Hoerder-Suabedissen, Wang et al. 
2009). Nurr1 and Cplx3 have a partly overlapping expression (Hoerder-Suabedissen, 
Wang et al. 2009), so a subpopulation of Nurr1 positive Spn is likely also to be long-
range projecting.  
 While we did observe interesting patterns of intra-cortical projections in a 
transgenic line expressing eGFP in CTGF positive cells and Cre in Drd1a positive SP 
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cells (data not shown), technical limitations of the transgenic lines prevent us from 
drawing many rigorous conclusions from those observations. 
We also observe projections in thalamic nuclei from Drd1a positive cells but the 
caveat is that Drd1a also has expression in upper cortical layers and some projections 
could be from L6. Importantly, we do observe neurites in the internal capsule from Drd1a 
positive neurons in the subplate and hence at least a fraction of these projections are 
likely to be from SPNs. CTGF-GFP has a very sparse expression pattern. It is likely that 
the population that is labeled by this BAC transgenic selectively extends local 
projections. Transgenic lines with a more pan-SP expression and with more 
spatiotemporal specificity might be able to address these limitations. Targeted ablation of 
specific cell types will reveal the exact role played by each cell type in connectivity. 
 To conclude, we provide anatomical evidence for integration of a particular cell 
type of Spn in cortical circuitry. Transgenic lines that allow genetic labeling of other cell 
types can help us to better understand the molecular basis of this connectivity. 
Physiological recordings show that SPNs are tightly embedded in intra-cortical 
connectivity (Zhao, Kao et al. 2009, Tolner, Sheikh et al. 2012, Viswanathan, 
Bandyopadhyay et al. 2012). However, given the diversity of this population, it is 
important to understand the connectivity in the context of different cell types. Our results 
show that Cplx3 positive SPNs extend projections throughout the cortical plate during 
development. Interestingly, a large fraction of SPNs projections were in Layers 1 and 4, 
which are also the main thalamo-recipient layers (Bannister 2005). Since SPNs play an 
important role in the establishment of thalamo-cortical connectivity, this is indicative of 
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an instructive role of SPNs in the establishment and/or strengthening of thalamic 
projections in these layers. 
 
 
 
 
 
 
 
4.4 Material And Methods: 
All procedures followed the University of Maryland College Park animal use regulations. In 
this study, we use mice (C57BL/6) of either sex from The Jackson Laboratory (jax.org). 
 
Perfusion and sectioning: Brains were perfused transcardially with 4% PFA, post-fixed for 2 
hours in 4% PFA at room temperature or overnight at 4°C. Fixed brains were rinsed in cold 
PBS and cut coronally at 50 µm thickness and collected in cold PBS and stored at 4°C. 
Horizontal sections were made as described in (Tolner, Sheikh et al. 2012). 
 
Immunohistochemistry: Free floating sections were blocked in 3% BSA and 0.3% Triton for 
one hour at room temperature followed by incubation in primary antibody overnight at 4°C. 
Sections were rinsed in 0.3% Triton 3 times (15’ each) to remove non-specifically bound 
primary antibody followed by incubation in secondary antibody. Sections were finally rinsed in 
0.3% Triton to remove non-specific secondary antibody and mounted onto glass slides. 
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Sections were air dried at room temperature, rehydrated in PBS and coverslipped with 
Vectashield (Vector Labs). Antibodies and concentrations are mentioned in Table 4.2. 
 
Imaging: 
Fluorescent sections were imaged with a Pannoramic 250 Flash Whole Slide Digital Scanner to 
analyze cell and projection distribution. Quantification of cells and projections were done on 
images taken on a confocal microscope (Zeiss 510 or 710 meta). Filter sets were chosen to 
minimize any bleed-through between fluorophores. 
 
Analysis: 
Images acquired as above were adjusted for contrast and brightness in ImageJ. Cell 
quantification was done in ImageJ using the Cell Counter plugin. Projection analysis was done 
in ImageJ and plotted using custom MATLAB scripts. 
 
Table: 4.1: Antibodies and concentrations used in Chapter 4 
Name Vendor Cat. # Dilution Species 
Cplx3 Synaptic 
Systems 
122 302 1:1000 Rb 
Vglut2 Synaptic 
Systems 
135 404 
 
1:5000-10,000 Gp 
NeuN Chemicon MAB377 1:100 Ms 
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Name Vendor Cat. # Dilution Conjugate 
Gt anti  
Rb 
Invitrogen A-11008 1:500 AF 488 
Gt anti  
Gp 
Invitrogen A-11075 1:500 AF 568 
Gt anti 
Ms 
Invitrogen A-21235 1:500 AF 647 
Rb: rabbit, Gt: goat, Ms: mouse, Gp: guinea pig, AF: Alexa Fluor 
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